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routing traffic and memory requirements over the first 
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I. INTRODUCTION 


mo desermoang “them activities of a military trecruit 
during tte first phase of basic training, the phrase "hurry 
up and wait" is often used. Meliliucw= a ntoneor this ptrrac- 
tice is tke double-time march to the barber, only to wait 
hours in line for a thirty second haircut. The recruit 
probakly feels there must bea better way to do this. 
Similar feelings may aiso cccur oe Stopped in fréeway 
traffic cr while trying to get an open telephore line tc the 
grandparents on Christmas. 

Although these problems appear to be taken from 
distinctly different situaticns, they possess a fundamental 
Eroperty in common; they all relate to processes involving 
the flow cf some commodity through a channel or nétwork of 
channels. In fact, a wide variety of large physical systems 
exhirkit all the characteristics which mathenaticians asso- 
Clate with networks. The freeway and telephone systems may 
have ncething in commen by way cf installations and equipment 
yet beth have similar netwerk representations. Both have 
juncticns cr nodes which are ccnnected by channels or links. 


In the links of thesé retworks there is a flow (cars in cne 
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and ccnversations in the other) and in both cases links can 
Be used to form paths between nodes which are not directly 
connected. 

The need for solutions to the problems associated with 
the flew cf ccmmodities within networks has caused an 
increase of activity in branches of mathematics involving 
queueing, graph and network theory. Ford and Fulkerson 
{Ref. 1] in the late 1950's developed methods to sclve a 
railway transportation problem known as the Hitchccck 
problen. Their solution was the design of network flows so 
as to minimize the cests related to use of the network while 
still satisfying certain flow requirements which existed at 


som2 nodés. THe tbesutt Of =Eneir work mwas a nore etficient 


t 


and cost effective transportation systan. 

In the events leading to the solution of the Hitcheeck 
problem, tte importance of the commodity carried by the 
foework nelped  frovide the i1spetus for rigcrous research. 
fia Similar fashion, the current focus of attention is on 
an item of ever increasing izportancea: the commodity of 
mireormaticn. Finding increasingly efficient methods to 
Nftanspcrt" informaticn threugh communications networks has 


indeed keccome a major goal *o a variety of research efferts. 
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This thesis is part of an ongoing effort being conducted 
at the Naval Postgraduate School With communications 
networks, and in particular, the packet-switched network. 
The purpese of this werk is the application and analysis of 
a distrikuted routing procedure which guides the ccmmodity 
cf information through the network. Chapters I and II 
crovide Eackground irformation concerning packet-switched 
networks and the function of routing procedures. Pe ener 
chapter introduces the distributed routing algorithm which 
was mcdified and adarted for use within such a network. The 
remainder of the work deals with the thorough +¢st and eval- 
Maeren Gl the Fecuting protocol using a computer simulation 


model. 


A. COMSUSICATIONS NETWORKS 

As with all networks, communications networks can be 
represented as being composed of the three basic elements; 
nodes, links, and flow commodities. The commodity has 
already keen seen tc be information which must te passed 
through the network. The nodes represent communicaticns 
centers which can receive, store, and transmit informaticn. 
Nodes are ccnnected cy means of communication channels which 


are the links with other nodes. A detailed descripticn of 
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these elements is purposely not given since their ccrfigura- 
tion may vary depending upon the type of network. HOWEVEI, 
theix basic functions remain the same in all networks. 

Due to the many different types of communicaticns 
netwerks which exist, a variety of methods for categoriza- 
tion have been develored. A basic classification methcd is 
tased upen the number of ccmmunications channels present in 
the network. When cnly a single link exists which must be 
Shared ty ail nedes, the network is termed "broadcast", 
However if multiple links exist, such that all nodes are not 
in direct ccmmunicaticns with each other, then the netwcerk 
Pee FOL nt-tC-point". In this cas2 nodes not directly 
connected must communicate via other nodes. 

Networks .areé alsc described by their topology using 
terminclcgy common tc grarh theory. The arrangement e. 
nodes and links, for example, may form a star, tree cr locp. 
Meeh configuraticn has certain characteristics, with the 
Perecticn Of a particular topology being a a Inport ant 
design censideration. Often in reference to communicaticns 
networks, tke words centralized, decentralized and distrib- 
uted will also be used to give the general network configu- 


memich (Figure 1.1). These three configurations tend to 
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Figure 1.1 Network Topologies 


lend themselves to particular tyves of network control which 
often use the same terminolcagy. Control of the network nay 
Pestmne LTespensibility of asinglé node (centralized), a 


ortion cf the nodes (decentralized), or all of the nodes 


Ae) 


(distributed). COnmGuSlor Can oOGeur when it is net clear 
whether the netwerk being described is distributed in terms 
RamecrrCliogy, CONZEOl or bcth. ifeeue | hece Chapter, <=he 
Meewoerzk €cntrol function of routing is categorized in terns 
of where the algeritha is actuaily performed. 

PCcint-to-point networks can be subdivided into two tasic 


categcries depending upon the method used to pass 


{4 


nfcrza- 
OT. Tre first technigue called line-switching is analo- 


gous to the telephone (voice) network. Here calis and 
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message reuting are set up prior to the beginning of the 
message transmission. Oncé a complete circuit or route is 
established, Aine message is ready for transmissicn. The 
second method is called packet-switching and is discussed in 


detail in tlre next secticn. 


E. PACKET-SWITCHED NETWORKS 

The ccncept cf fpacket-switching arose from the need to 
frrovide a “better way" to exchange information Beeuesn 
computers than was pessible with the line-switching techni- 
gues used in conventicnal telephone networks. The prebien 
lay in tke basic difference between human and computer 
“"conversaticns"™. Geyputer Sechmunication is “bursty; in 
that it consists of short transmissions of data at high 
rates fcllowed by lcrg periods of silence. This is quite 
unlike human conversation in which calls usually last much 
longer than the time it takes to set up the call in the 
switching center. Hreother words, human-to-human traffic 
requires long-duraticn use of a itiow-bandwidth channel, 
whereas (scme) GComeuter-tc~ecemputer traffic needs short- 
duration use of @ high-bandwidth channel. 

The alternative switching strategy of packet-switching 


removes tte requiremert of having a dedicated physical path 
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established in advance between source and destination recedes. 
Therefore the inefficiency cf having computer conversaticns 
which take less time than is required to set up the call is 
éliminated. 

In a packet-switched communications network, when the 
source nedée has a bleck cf data tec send, that block is first 
divided into subunits which are a fixed number of bits in 
length. Attached then to each subunit is addressing and 
Somercl intorMation such that the resulting “packet" can 
reach its destination. Packet size (usually 1000 bits or 
less) is kept relatively small so that no single user can 
Menopelize a link for too long at a time. The basic orera- 
tion cf facket-switching can best be described by follcwing 


the mcvements of the first packet as it proceeds through the 


network. 
At the source necde, a decision is made as tc which 
cutgcing link the packet will be transmitted. The decision 


rule is referred to as a routing procedure or algorithn. 
The status cf the selected link is then checked and if that 
Mink is idle, the packet is transmitted over the link. 
However iz the link is busy, the packet joins a queue; this 


is acccmplished physically by storing the packet in memory. 
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When the facket reackes the head of the queue, the racket is 
transmitted. 
In arriving at tte next nede, the addressing infcrmation 


cf the packet is used to determine if the destination has 


keen reached. The routing procedure is repeated if the 
packet has not yet completed its trip. Eventually, che 
packet will reach its destinaticn. It is clear why these 


Moeweirks are Often called store-and-forwerd nets, since in 
Messing <hbrough a node packets are stored, if necessary, and 
then forwarded (transmitted) to the next node on the way to 
their destination. 
1. Message Services 

The remaining packets of the data block can travel 
moeough the network wsing one of two techniques.  ikese 
technigues cr services are usually selected depending upon 
the nature cf the traffic, which may be computer file trans- 
fers, interactive terminal sessions or even digitized voices 
conversations. [ve werihst, ls che pure packet=-switching or 
datagram technique, and the second is the packetized virtual 
Smrcuit technique. 

Using datagrams, each packet is routed independently 


enZO0ugh the network. Tne packets making up a particular 


21 





data kElcck couid each take different routes through the 
network andthus arrive at the destination node out of 
sequence. Hence, a resequencing mechanism is required at 
the destination. Fackets necessarily contain complete 
addressing informaticr since they move independently through 
the netwerk. 

MimEcOMtGast,—d —spackecazea Virtual circuit is a 
‘circuit-switching-like approach. Informaticn flow is in 
packetized toxin and virtual circuits carry the traffic. 
Fackets belonging tothe same data block will travel, the 
Same rxrcute through the network. THoSeEOucS (ise the 
yirtual circuit) is created in the following manner. 

The first packet of a particular data block acts as 
a "trailblazer" which establishes the route as it passes 
Baizeucgh ¢ach node. Ncdes maintain 2a “circuit table" so that 
ail subsequent packets will be routed in the same way. Once 
pueeG2ercuict is ‘established, subsequent packets need only 
contain Simple header information which identifies then with 
meme initial packet. Connections can be created with virtual 
Circuits which will remain until broken down at the termina- 


mon of the session. 
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In comparing datagrams and virtual circuits scmne 


summarizing points are given: 


1. Virtual circuit packets are shorter than datagran 


packets because of the reduced addressing infcrmation 


required. : 


2. Datagrams require nodes to possess a resequencing 


DUCtoOGce METOne Packets arriving out of their original 


Order. 


3. Virtual circuits tend to route packets less effi- 


ciently than datagrams. Subsequent packets in a 
Vitwlalecitcuit May not be taking the best path if 
Mecwerk ss cOonat@ttons Change while the Circuit is in 
Operauuon. Or the other hand, datagram packets would 
ke routed acccrding to the current routing procedure 
at each node and thus their paths are not constrained 
by an outdated decision. 
é¢- Application with Voice Traffic 
Packet-switching was originally propesed because it 
recognized that computers were very inefficient users of 
line-switching techniques which had worked quite well 


human speech in the telephone systen. Ratner vend t es y 


to make a ccemputer "speak" like aman so that it cculd use 
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the telephone, a new switching technique was developed. The 
success cf packet-switching and Tee obvious benefits have 
led te research efforts in Aerelonine methods by which voice 
traffic cculd be transmitted using this technique. 

the dietticuity in this implementation does not lie 
in making the voice packets. A number of methods are used 
which cenvert analog speech to a digital waveform. Data 
tates as lewas 2.4 t0 4.8 kbits/sec have been achieved 
using voccders with linear predictive coding. The sarpled 
voice cata is divided inte discrete packets with packet 
length ccrresponding to an interval of the analog signal. 

tte fundamental preblem which plagues packetized 
voice einer relates to the nature of speech, which 
requires toth high throughput and low delay, a feature which 
is nct ccnsistant with the capabilities of most packet 
networks. In order that the quality of speech be preserved, 
Mece traific ir a racket -switched network must maintain 
Some lnuity. Veice gaps caused by end-to-end delays are 
generally undesireble. Traditional line-switched networks 
exhikit fixed delays tc voice traffic and thus the relative 
speech tiring was preserved. However, the variable delays 
due tc tre possible queueing cf voice packets can cause loss 


@amirtelligibility. 


24 





In crder to achieve regularity in voice traffica 
variety cf schemes have already been investigated. The use 
ef both datagrams and virtual circuits have been suggested 
and the merits cf each have been cited by Gruber [Ref. 2]. 
Datagrams, fem Ls ey pOlLnced cut, provide the shortest 
end-tc-end delay and thus voice continuity would ke more 
readily achieved. Also, due to the redundant nature of 
speech, the effects of lost or damaged packets would not 
have the catastrophic effect which accompanies similar 
€ccurrences in computer data networks. Virtual circuits, on 
the other hand, do net have the resequencing delays associ- 
ated with datagram service. Additionally, *+he sherter 
racket length weculd cause less congestion than the larger 
datagram packet caused. 

Tke issue of how best t0 implement voice traffic in 
@ packet-switched network is by no means resolved. The geal 
cf reducing delay, hcwever, continues to be germane tc all 
Baex.et-ceitched networks, and in the case of voice traffic 
may ke the mest important issue. Work aimed at develcping 
routing techniques which are applicable to these networks 
continues to be relevant, te QO BUGRA lobaal tester aly £0 fusure 


success. 
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Cc. NETWORK ARCHITECTURE 

As stated earlier, this thesis involves the development 
and application of a routing procedure for a packet-switched 
distributed communications network, The EUOMNeeOn, “Or 
selecting which cutgoing link a packet will take is cne of 
the many cpéerations that must be performed in order for the 
network tc provide effective service to its users. The 
complexity of the relationshirs between these functions can 
make it difficult tc understand how routing procedures fit 
into the total network architecture. This task can be 
greatly simplified by using a conceptual model proposed by 
the International Standards Organization (ISO) fer communi- 
caticns networks. 

The TSO model was developed as the first step in stan- 
dardization cf the varicus protocols which exist in these 
mene CrKsS. The modei provides a basis for categorizing the 
pany ccomplicated network operations into "layers" so «hat 
rules and crocedures telonging to a particular layer perforn 
awell defined service. The layers are organized ina hier- 
archicai structure where each one is built upon its pred- 
ecessor. Tren smwact “of wsing this maes model is that 


higher lavers need net be cencerned with the details cf how 
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the 


services offered by the lower layers are actually 


implemented. 


The seven layer model arrived at by the ISO is presented 


telow 


with a summary of the distinct function which is 


performed at each layer. Terminology used is from 


Tannenbaum [Ref. 3]. 


1. 


Physical layer - The transmission of data bits over a 
channel which involves the mechanical, electrical and 
prrecedural interfacing cf the network. 

Daca beiwetayer = Tne  transtOrmacion of a raw x rans- 
Mission facility into a line that appears free of 
€rrers to the Netwecrk layer. Protocols employed 


DecatmPe coe Nene: ddia @meto data frames, transmit 


the frames sequentially, and process the acknowledge- 


ment frames sent back from the recéiver. 


Nete.Cek Stayer -=- The reuting of packets within the 
network. Additional protocols divide messages from 
the Transport layer into packets and provide measures 
MeamecOncnOl.of Congestion. 

itanePorktmbaver = [The acceptance cof data from the 


Session layer which is then passed +o the Network 


layer. Frotocols ensure that data arrives correctly 
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at the other end. The complexity of this layer is 
therefore highly dependent upon whether datagram or 
virtual circuits are used in the Network layer. 
Additional protocols handle hierarchical addressing 


schemes and tke multiplexing of a number of connec- 


Session layer - The establishment of a connection 
between two frocesses and the management of the 


dialcq in an crderly manner. 





Presentation layer ~ The performance of functicns 
thet are requested sufficiently often to warrant 
finding a general selution Eor them, rather than 
letting e¢ach user solve the problen. Protcccls 
include encryption routines for messag2 security, 
character conversion and text compression. 

herlacausonwlayer = The content of this dlayer is up 
tc the individual user. Since the contents of the 
aprlication layer are developed by the netwerk user 
vice the netwerk designer (as with the lower layers), 
Eevee Matilonal of international standard orotcccls 
exet. Nevertheless, current research deaiirjz with 


issues which are commen to many applications may be 
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the future scurce cf accepted protocols. These 
topics include distributed data bases and distributed 
cemputation. 

As tke layer level increases, so does its relative level 
of akstraction. The lowest three layers (Physical, Data 
Link, and Network) deal with the actual transportaticn of 
data within the netwerk itself and are often refered to as 
subnet layers. Be tinertcn= cfm the Lemaining four higher 
layers can be compared to those of a virtual machine systen. 
These layers previde the user with a connection to their 
destination which apfears dedicated to them alone. In cther 
words, tkough many users may be simultaneously using the 
Shared tresceurces of the network, their connections will 
remain isclated from each other through the functions of the 
subnet layers. 

In this model, the routing procedures are a part of the 
Network layer. Numerous different algorithms have been 
Froposed in the literature which clain to find the "best 
Beens" within a netwecrk. However, as will be shown in the 
Meme Crapter, not ali are well suited for application within 
adistrituted packet-switched network. In providing the 


Memordt Characteristics of the wide variety of routing 
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algorithms, the rationals behind the selection of the 


specific procedure used in this work should become apparent. 
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II. ROUTING PROCEDURES 


A routing procedure for a packet-switched communications 
network pgrevides a set of rules which guide packets fron 
their scurce to destination nodes. This routing procedure 
cr algorithm is then that part of the computer software 
responsible for deciding on which cutput line an inccming 
packet should be transmitted. The resulting path a packet 
takes is defined simply as tae —cowleccivoen of sequent 74 1 
communicaticn nis ultimately connecting. source tO 
destinaticn. 

Befcré discussing the varicus routing procedures uséd to 
select these paths there are certain properties that are 
generally désiratle in all such algoritnonms: BR ie ee 
EomPLicity, robustness, stability, fairness and optinality 
{Ref. 3]. Correct performance of the algerithm must be 
established prior to use and a simple structure aids in beth 
implementation and sreed of execution. A robust algoritha 
eam cope with changes in network topology and traffic 
Meeecut LTequiring majcr modifications to take place in its 
siructure or use. tabiiity refers to a reuting algorithms 


equilibrium. When an 


rt 


ability t¢ converge to a state o 
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unchanging network has staticnary traffic inputs then the 
algorithm should converge to a stable traffic pattern. An 
algorithr which never converges, no matter how Heng 1 rains, 
is unstakle. Fairness and optimality are certainly desir- 
able, yet often contradictory goals. This contradicticn is 
kest seen by example. Suppose two high volume traffic users 
share 2 single communications link while transmitting to 
another party. Due to their combined traffic, the link is 
used to full capacity and thus exhibits maximum traffic 
Pfrouchput. Pomeeneecl ite lon for Optimization 1s Maximum 
fart ic flow, then tke situation is optimal. However, if a 
lower vclume user requests te send traffic over thacw Je, 
wee will te denied since the traffic flow would be reduced if 
the user were allowed to use the “LSunre Evedently, scene 
compremise ktetween gicbal efficiency and fairness to indi- 


vidual ccnnections is needed. 


A. LINK WEIGHT FONCTION 

Mest reuting algcrithms used in packet networks turn cut 
to be variants, Hae one: 2£OrmM OF anocner, Sivsnorces: patna 
algorithms. These frocedures achieve optimality by routing 
packets from source to destination over a path of "least 


eesc', In establishing a criterion function the desiqner 
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assigns a positive cost to each link which a packet incurs 
when it travels over that link. These "Link weights" are 
evaluated based upon a specific commodity which the designer 
is seeking to minimize. The link weight function, then, 
assigns a numeric nase to all links which the routing algo- 
tithm uses in its computation of the least cost cr best 
raths of travel throughout the network. 

The parameters upon which the link weight is dependent 
are set ty choice cf the designer. Some networks use a 
fixed weight for each link in the network, the weight being 
inversely Bee eaienet coumsene® LINK “Capacity in bits per 
second. For a netwerk with equal capacity links, mininiza- 
tion of tke cost preduces ese: "hop" routing scheme, a 
hop being a trip over a single link. Links with a high 
error rateé or poor signal tc noise characteristics may be 
given higher weights, steering traffic away from them. 
Weights may be assigned depending upon the type of traffic 
transmitted with a higher weight given <+to computer file 
transfers than te interactive terminal usage. In attemrting 
to minimize average packet delay, link weights cculd be 
rFased upfen ce Ore cf average packet delay times over that 


Penk. 
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Be ROUTING CLASSES 
In chcosing the link weight function, the designer makes 
a crucial decision ‘concerning the performance of the 
network. If link weights are not a function of parameters 
involving estimates of current traffic and topology, the 
algorithm will be deterministic. However, if link weignts 
are a function cf tkese parameters then the algorithm will 
be adaptive. A third class, called hybrid algorithms, use 
link weight functions which behave both deterministically 
and adaptively depending upen network CondueLons . 
1. Deterministic Routing 
Deterministic routing (i.e. Staqele, § LOn-adaptive, 
directory reuting) uses fixed routing tabies which were 
Peeputed weocomuncnanding link Weights. Wlthedeterministic 
strategies, the path for any source-destination node pair is 
determined @ priori and is independent of normal traffic 
Wecltations. Pimomouass Cl falgorithms do not adapt to 
Gpenges in network traffic but are designed to prcevide 
satisfactcry performance, cn the average, over a range of 
traffic intensities. 
A Simple example of a deterministic routing algo- 


rithm is the least hep scheme in which all link weights are 
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equal. This method could be selected when the traffic 
pattern is talanced, i.e. the link Seal paclon of different 
links is approximately the same. Under such conditions, the 
average delay of a packet will be minimized. 

A more complex, though still deterministic algo- 
rithm, is te expand the rcuting table to include alternate 
Facisc. Therefore, fer each possible destination, the node 
would have a first, second, third, etc. outgoing link.whose 
selecticn would te based on a predetermined plan. A better 
basis cf assignzent is tc have a specified fraction. of 
entering packets corresponding to a particular source- 
destinaticn pair be reuted cver each outgoing link. 

Tre selection of these "routing fractions" can be 
made in an ad hoc fashion. However, if the incoming traffic 
statistics for the network are known then better, although 
more complicated, iterative approaches can be used. The 
determinaticn of the routing policy can be based upen tini- 
Mizing the average scurce-to-destination packet delay. This 
type of winimization problem is a convex multiccmmnodity 
Beoblen cn a convex censtraint set. The important feature 
of this type of miningization problem is that the soluticn is 


awunigue lecal minimum, which is also the global minimun. 
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This means that the solution will be the optimal routing 
solution for the given static situation. A number of 
optimal techniques for the sclution of multicommodity flow 
problems are found in the literature which have a wide range 
cf cemputational efficiencies [Ref. 4}. 

Ancther type cf deterministic approach is called 
"flocding". Each node receiving a packet simple retransnits 
mereover all outgoing links. This technique is sinsple and 
Sopust. Flooding always chocses the shortest path, because 
it chocses every path inteparalilel . The obvious drawback is 
the network being cverwhelmed with multiple copies cf a 
message. 

Tke advantace of deterministic BOuctna iS its 
Simplicity of implementation, Since little, if any, dynawtic 
calculaticn or signaling information is required. Importan« 
too is the fact that these methods provide good, een t 
Cptimal, performance under conditions for which th¢y were 
designed. The main drawback cf non-adaptive schemes is just 
jaat, they do not adapt. Static routing is often designed 
Beaeed Upen wean traffic patterns, but for chaotic and unbal- 


anced traffic environments, they are not adequate { Ref. 5}. 
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2. Adaptive Routing 
“Aéaptive or dynamic rcuting algorithms utilize link 
weight functions containing parameters which are measure- 
ments or estimates cf the current traffic or topology of a 
network. In general, adaptive routing procedures can 
usually be differentiated by two criteria; how dynamic they 
are and wkere the alaqcrithm is implemented. 

The dymamic feature of an aigorithm’ concerns how 
rapidly andin what manner it adapts to changes in the 
network. The best, although ncnrealizable, algecrithm would 
be one where instantaneous and global knowledge of the 
network status was available upon which routing decisions 
were made. This “ideal observer" would always route traffic 
in the optimal fashicn. SSlieemcunicess ROteposs2 ble, adap 


tive algorithms depend upon making estimates of traf 


th 


ue 
Seuaitions, reflecting these estimates using link weights, 
and then ccnmputing cee reutes. While adaptive routing 
strategies appear mcre attractive than deterministic cnes, 
the overhead traffic caused by routing updates and «he prac- 
Meeal difficulty involved in accurately reflecting the 


MWerent traffic conditions can make the choice unclear. 
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a. Centralized Routing 

Onder centralized control, a central node in the 
ee sark receives status information from all other nedés, 
processes this information, and then computes the new best 
path routing table Erased upon this global knowledge. The 
attractivenes of this scheme lies in the ability of the 
central node to make routing decisions based upon global 
knowledge and the alleviaticn of routing computation by 
cther nodes. 

However tke drawbacks are serious, if not fatal. 
Futting “all its eggs in one btasket", this system is aevechls 
Bepwet, with failure of the central node ge hse strenhic 
for the network. There are alse problems related to°a heavy 
memeentraticn Of routing traffic near the central node. 
Bemnaliy there ae the more basic “chicken and egg" 
predicament where one needs revtes to transmit status infer- 
maticn reguired to establish routes. 

Numerous centralized algorithms can be found in 
ere Literature. An algorithm proposed by Dijkstra (Ref. 6] 
deserves mention due to its popularity. Because of its 
computaticnal efficiency, i+ is used as a basis cf ccmpar- 


ison in the next charter. The Dijkstra algorithm uses a 
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"tree growing’ technique in which the scurce node is the 
kase cf tke tree. Thrcecucgh an iterative process, nodés which 
constitute the shortest path from the source to Seerdes* ina 
Eton pa cove a "permanent" label. This label contains the 
identity of the node which is the next hop to the scurce 
node. The algorithm, in its basic form, terminates when the 
destinaticn node is permanently labeled. If it is desired 
to find the shortest paths from the source to all nodes 
within the network, then the algorithm is simply repeated 
until all nodes are permanently labeled. To complete a 
centralized routing table for the entire network, a mcre 
computaticnally efficient matrix implementation of the algo- 
rithm is available. 
rE. Isolated fouting 

On the cpposite end of tne spectrum from 
centralized algorithms are procedures in which nodes nake 
Bewcing decisions based only cn information they themselves 
have gleaned. With isclated routing, nodes exchange no 
Boiting infcrmation with other nedes. These methods still, 
Mmemever, try to adapt to changes in topology and traffic. 

A Simple example of an isolated scheme is the 


mmoe ECtatc” algcrithn. When a packet arrives, the nede 
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tries to get rid of it as fast as possible by putting it on 
the queue of the output link which is shortest. | 

The advantage of these algorithms is the absence 
cf update traffic while the disadvantages are related +o 
much less than optimal path selection due to limited knowl- 
edge. This brings out the ongoing battle between the 
benefits of up-to-date status information for decision 
making and the burden this flaces on the network in the f£crm 
cf high cverhead traffic. 

c. Distributed Routing 

With distributed algorithms, each nede 
constructs its own reuting table using periodic updating 
information from neighboring nodes. The algorithms are 
distributed in the sense also that no central routing tables 
are required and there is no global knewledge of the 
mepolcgqy cf the routes. Each node knows only its adjacent 
nodes and from amongst them, chooses a "preferred" neighbor 
for each destination rcde. 

Distributed algorithms have many features which 
make them attractive for packet-switched communications 
networks. They are robust due to thair lack of derendence 


upon a central node for reuting information. They also 
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possess the ability to react quickly to local disturbances 
at the point of disturbance with slower "fine tuning" in ene 
rest cf the network. 

The routing algorithm used in the ARPANET since 
May 1979 employs a medified version of the Dijkstra algo- 
rithm in a distributed manner [Ref. 7]. Fach node indepen- 
dently cemputes its cwn routing table using this Dijkstra 
mort acation which is called the "shortest-path-first" algo- 
rithn. The modifications allow the algorithm to handle 
various pessible changes in link wieghts without having to 
recalculate the whole spanning tree. 

link weights are evaluated in terms cf tine 
delays on tke link. Each nede calculates an estimate of the 
delay on each of its outbound links by averaging the total 
packet delay over a ten seccnd interval. Since all nodes 
Must ke informed of link weight changes, aw ElOoding tech— 
nique is used +o ferward the information throughout the 
netwerk. Tc reduce cverhead, a link weight update is trans- 
mitted cnly when the change in weight since the last trans- 
missicn has exceeded a certain threshold. Upon receipt of a 
new link weight update, the shortest-path-first algerithn 


restructures its shertest path tree. 
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Gallager {Ref. 8] proposed a distributed routing 
algorithm which makes use cf the routing fraction cencept 
discussed earlier inthe deterministic routing secticn of 
this chapter. Unlike the static scheme, these routing frac- 
tions are functions cf information communicated between 
adjacent nodes. The information in the update message is 
related tc the marginal delay to each destination. The 
algorithm sends packets over routes which minimize the 
ceverall delay of all messages, vice attempting to send 
packets cvéer a reute that minizizes their own delay with no 
regard to that of otrker packets. The basic notion which the 
algorithms exploits is that a chang2 in link flow causes a 
marginal change in network delay. 

Gallager demonstrates that the algorithn 
converges to the minimum average delay for a netwerk with 
staticnary inputs and links. The question as to whether the 
algorithm could adjust fast enough to keep up with changing 
Semc istics is still the subject of study. Faster network 
changes would necessitate more frequent updating of the 
algorithn. Besides the usual problems of increased over- 
head, frequent updates would also cause noisier neasurements 


cf marginéel link delays and nede flows. 
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Another distributed algorithm is presented by 
Segall and Merlin (Ref. 9} which uses the spanning tree 
concept cf qraph thecry. A spanning tree is a connected 
fartial craph (all necdes and a subset of links) containing 
no locps. A normal update cycle would begin from the deéesti- 
naticn nede at the base of the tree. The cycle would propa- 
gate up-tree (on thé Spanning tree), modifying the weight 
estimates from each rode tc the destination node and then 
propagate dcwn-tree while updating the best path neighbors 
for each node. Each cycie tends to find the best path from 
each node tc the destination nede. AS with Gallager's algo- 
Eeenni, the paths are also loop free at every iteraticn. 

In comparing the last two distributed algo- 
rithms, there is a fundamental difference in how they seek 
Bemganimize their ccst ‘functions. Gallagher's algorithno 
produces a set of routing fractions which tell the node what 
Percentage of traffic for a particular destination is to be 
Peecec On €ach of its outgoing links. To dramatize the 
point assume 100 packets destined for node J arrive at nede 
ite iMmicewecWmecht fOuting fEractions state that 50%" of all 
meeui2c Lor rode J is to travel on link (2¢A), 30% on link 


Wee) and 20% #on Link (I,C). Node I would then place 50 
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packets in link queue (I,A), 30 packets in link queue (I,B) 
and 20 packets in link queue (I,C). 

Segall's algorithm, on the other hand, produces 
a routing table which lists a "preferred" neighbor for each 
destination. If the same situation had occurred using this 
algorithm then all 100 packets would have been placed into 
one link gueue. It would appear in the case of algorithms 
providing a single path routing table, that this does not 
mean that at any given instant all traffic arriving ata 
node destined for another Should be sent via the single 
path. Tke policy of cnly incrementally increasing the frac- 
meom Of tLlatfic routed to the preferred neighbor, while 
(incrementally) easing the load to other routes seems acre 
eeateble. In this way, the best estimated route bs¢ecomes 
Somewhat more loaded, whereas the others becone less lcaded, 
thereky impreving network pericrmance. 

Another distrituted routing algorithm which 
operates on a substantially different principle was written 
bry Yen (Ref. 10}. Pieri neiple, and the other character- 


Meercs cf the Yen algorithn are investigated in th 


iD 


foll¢cwing chapters. 
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Hybrid routing is a strategy based upon the 
hypothesis that a comtination of deterministic and adarftive 
schemes will probakly achieve the best results. Chow 
fRef. 5] states that for the routing procedures which have 
keen implemented, adaptive routing procedures are good for 
certain traffic conditions and deterministic ones for 
ethers. Chow concludes that a hybrid algorithm must behave 
deterministically when traffic so warrants and adaptively 
ctherwise. 

PypElamalgOrTithms must utilize a linkeweight func- 
tion which is able te preduce nonvarying weights when deter- 
Ministic network conditions prevail and highly variable 
weights when adaptive network conditions exist. This link 
Weight function, then, must not be sensitive to small varia- 
[mens in the traffic. That is, if there are only incre- 
mental variations and thus small fluctuations in path 
weights of possitle rcutes, then the current route does not 
change. This prevents detrimental oscillaticns OE 
"churning" tetween closely weighted paths which can result 


in unnecessary packet delays. 
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The ARPANET is an Operational packet-switched 
network which implements a hybrid scheme. Since 1979 this 
network has used a link weight function [Ref. 11] which can 


ke generalized into 
W(L,J) = Fb + cQ(I,J) 


where Q(I,J) is the link queue size at the time of reuting 
update and £E > c. In this scheme when traffic is reasonably 
balanced, the censtant b determines a fixed path for each 
source-destinaticn pair and the routing strategy behaves 
like a deterministic cne. Otherwise, the difference in 
gueue buildup of aiternate paths becomes substantial,the 
impact of the cQ(I,J) texrm increases, aid. the roveang 
becomes acaptive. Chew considers a third term, dc¢2({I,J), 


such that the link weiomt: £UNet lon. 1s 


W(I,J) = 5b + cQ{I,J) + dQ?#(I,J) 
ged ¢ > d. His sisulation verified that this. link weight 
function prevides a gcecd couapremise. The actual values of 


rE, cand dand the frequency of updates depended upon the 
Pemework tcrprclogy and traffic condtions. 
The development of a hybrid routing system tased 


upon the Yen distributed recuting algorithm and a newly 


46 





devised link weight functicn is presented in the fcllcwing 


chapters. 


C. CCNGESTICN CCNTRCL 

In presenting the functions of the Network layer, an 
additional protocol tesides routing was mentioned, namely 
eengesticr ccntrol. Congestion control was introduced as a 
separate area, but as one can surmise from the material in 
this charter, both tkese topics are intimately related. TO 
see their relationship, the characteristics of congestion 
must first be understcod. 

Ccengestion can be described as the state of a netwerk 
where mcre offered traffic results in less carried traffic. 
Conqdesticn is not the graceful approach to the ere 
maximum tkrcughput cut rather the deterioration away from 
this value as traffic intensity increases beyond some pcint. 
This point can cccur when network resources are no lcnger 
meee tO acccmodate tke traffic. Whether congestion begins 
Simultanecusly throughout the network or ina particular 
region, if left unchecked it tends to feed upon itself and 
become worse. This can lead to such a degraded condition 
that no transmissicn can take flace at all. When deadicck 
SeevocSur happens, the network ceases to function and will 


stay that way unless special procedures are invoked. 
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The relationship retween the congestion process and the 
available network rescurces will be illustrated beginning 
with the use of an "ideal" packet-switched network. Id¢al 
means that each node has infinite buffer capacity, each 
Microprocessor has a perfect routing algorithn, and ¢ach 
link has intl wd Oe capacity. Within this network, since 
packets travel instantaneously from node to node over the 
best path, congesticn cannot occur. Gtfered traffic can 
never exceed the limits of a network with unlimited 
Capacity. 

Suppose now that the links are made more realistic and 
Given finite capacity with attendent propagation delays. 
Nothing else in the retwork is changed. : In this case, since 
the reuting algoriths is perfect, incoming traffic will be 
Geert buted within the network such that the limiting 
resource (tre link capacity) is efficiently used. However, 
as the intensity increases, the finite link capacity will 
eventually reach saturation resulting in queue build up and 
packet délays. With a perfect routing algorithm, when the 
network limit is reached, several nodes or links will beccne 
tlocked at the same time. Had the routing algorithm been 


less than perfect, the congestion would have started ata 
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emaller traffic intensity since the network resources would 
be less skillfully allocated. 

The final tcuch of realism for the network is the use of 
finite capacity queues. Under this limitation, all packets 
arriving et a node fcr which there is no queue space are 
Simply discarded. Congestion would not occur in this 
network, kut the process of packet discarding (although used 
in some networks) seems a drastic solution to the problem. 

From this scenario, the role of routing is seén as 
congestion "avoidance" vice ccngestion "elimination", Even 
perfect reuting can not stop congestion when the netwcerk 
SEartic lzmit is exceeded. Although geod routing protcccls 
will increase the load that a network can take, it follows 
that the elimination of congestion must start oricr to 
packets entering the netwerk. Once a packet has been 
accepted into th2 network, the best that can be done is to 
Beevide rcutes sc as tec avoid congestion. But if too many 
packets are allowed into the network, congestion is 
inevitable. 

The methods of congesticn control presented in the 
following varagraphs are those which act prior to a packet 


entering the network. The “isarithmic"™ method by Davies 
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{[Ref. 12] is a. technique which places a limit on the total 
number of packets in the network. The network contains 
permits which circulate about. A packet requires a péergrit 
to travel in the netwerk and upon reaching the destination, 
the permit is recirculated. This simple rule ensures that 
the number of packets in the network will not exceed the 
number of permits. 

Tf virtual circuits are used in a packet-switched 
network, a simple congestion centrol scheme is to allow each 
virtual circuit to reserve buffer space at each node alcng 
its path. If buffer space at any node is not availatle, the 
caller gets a "busy" signal and wetne wetrcust 25 jot 
completed. This preallocation of buffers, however, results 
in some inefficiency since resources assigned but not actu- 
ally kteing used in cennections are not available to anycne 
else. 

Another method proposed by Majithia [{Ref. 13] uses a 


mechanism which is triggered only when the system is 


tn 
c+ 
rH 
fu 
J 
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congested. The "warning" of impending congestion i 
Mitted threughout the netwerk by means of choke packets. 
The chcke packets act as a negative feedback source which is 


then used by nodes to throttle incoming traffic. 
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The mechanism kncewn as flow control is often included in 


the set of solutions for the problem of congestion control 


in packet-switched networks. The term is used throughout 
the literature and net without some confusion. In under- 
standing the possible applications of flow control, itis 


first necessary to clarify what flow control is and how it 
differs fundamentally from congestion control. 

Mest authors use flow ccentrol to mean the mechanism by 
which a receiver thretties a sender to prevent data from 
arriving at a rate faster than the ee can handle it. 
Flow ccntrol seeks to allocate network resources for user- 
receiver pairs as long as they are available. Usually the 
implementation of flew control is at the Transport layer 
retween source and destination nodes (end-to-end flow 
contrcl) but sometimes the term is applied to oprotcccls 
ketween néichboring ncedes. 

Numercus flew ccntrol schemes are presented in the 
literature although usually they involve the implementation 
memone Of chiy a limited number of-throttling tools. Pougzin 
fRef. 14] summarizes them as being in +he fcllcwing 


categcries 
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lmestOp anhd.Go - The source either Gam send traffic 
withcut Limit, or it is barred from transmitting. 

2. Credit - The sender cannot transmit unless it has 
received from the receiver an indication about the 
amcunt of traffic that can be accepted. 

3. Rate - The sender cannot transmit traffic above a 
predetermined rate. 

4, Delay ~- As delay increases between source and desti- 
nation, the sender is throttled. 

Meee class ~- Traffic is offered with a class indicatcr. 
When enough resources are available, all offered 
meartiyeu.sS .aceepted . Otherwise, some classes are 
restricted derending upcen criteria which aprears to 
strike an acceptable balance between conflicting user 
demands. 

mpe tlow control sehemes using Credit and Delay appear 
Precaicularly suited fcr controlling congestion. Si ttations 
can cccur where many nodes within 2 network are transmitting 
to the same destinaticn necde. Even if their individual 
transmission rates are low, the destination node may nct be 
able to handle the ccrbined traffic load. Both the credit 


and delay schemes wculd be able to sense the beginnings of 
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' congesticn through the termination of credits from the 
~Aaghase or the increase in packet delay. iaarkkae tO the 
destinaticn node cculd then be throtteled to ‘avoid 
congesticn. 

In centrast, the Stop and Go and Rate schemes ang net be 
as effective in controlling congestion. These flow control 
schemes require the sender to stop sending at some point and 
wait for an explicit go-ahead message, or permit the 
receiver to simply discard packets at will with ap U hia y 
The agility to select the cut-cff "point" for the protocol 
which satisfies a tctal network ayeeivesent is the real 
problen. If the peint is determined based upon average 
network operating levels then these particular flow eaterol 
schemes will provide pocr ee. EOVeDUGSty /traftiie: On 
the cther hand, if peak levels are used then they end up 


Beeviding no contrel at all. 
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III. THE YEN SHORTEST PATH ALGORITHS 


With the abundance of shortest path algorithms “ks the 
literature {Ref. 15], there was a need to develop criterion 
for séelecticn of one method over another. Immediately, all 
centralized shortest rath algorithms were eliminated due to 
the geal of creating a truly decentralized communicaticns 


system. This reduced the number of choices by a substantial 


amount. The following characteristics were then scught 
after in the remaining decentralized shortest path 
algorithms. 


tee Algorithms sheuld not require knowledge of the 
ccmplete network topology. | 
2. Algorithms shculd be efficient (i.e. require as few 
as pessible ccmputational steps for the node's micro- 
PICCESSOL). 
3. Information exchanged between “network nodes required 
fer algorithm to function should be a minimun. 
Beeea Wpen these critericn, the Yen shortest path algorithna 
was chosen [Ref. 10]. Both Gallagher's and Segall's algo- 
rithms satisfied condition (1), however Gallagher's was not 


aS ccmputationally efficient and Segall's required mere 
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exchange cf information (the dual nature of its spanning 
tree update cycle) between nodes than the algorithm proposed 
by Yen. Not only does the Yen algorithm satisfy the desired 
requirements, but it also exhibits unique features which 
were cf ee interest for this research. In additicn, 
and perhaps foremost, was the fact that this algorthim has 


not reen thoroughly studied in actual network simulations. 


Ae DESCRIPTION 
The key eens in understanding and analyzing the Yen 
Bemonrtest. path algorithm is “time". The manner in ates the 
algorithm makes use cf time in arriving at tne shortest path 
retween nedes of a network is quite unique. This was the 
cniy algorithn reviewed by this author that even approached 
the prokléem in this fashion. The nec2ssary assumptions for 
applying the algcerithm are as follows: 
1. Each node in the network is equipped with transnis- 
sion and computation facilities and a timing device 
Salted a “Clock. 
2- Each node J knows a set of nodes, called Neighbor(in) 
nedes, each of which is connected to a node J by a 


directed link from the Neighbor(in) node to nede J. 
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3. Each node J knows a set of nodes, called 
Neighbor (out) nodes, eéach of which is connected to 
node J by a directed link leading from node J to the 
Neighbor (out) node. 

4. Each node J knows the weight of each of the links 
cennecting ncde J_ to the Neighbor (out) nodes. 
Weight, again refers to the assigned cost of using 
that link. 

5. Each node J maintains a list consisting of certain 
Neighbor (out) nodes, called an Update Transmission 
List, which are to receive the transmission cf update 
message "J", 

For most data communication networks, there will be a full 
duplex link between nod@ fairs so that the set of 
Neighber(in) and Neighbor (out) Nodes woud De identical £or 
a given node. POerSsitm tty che discription to follow, 
Neightor will refer to a terminating node of a full duplex 
ak . The clock is the only item which is peculiar tc the 
Beeticaticn of this aigorithn. However, since each micro- 
processor has a clock associated with it, no additional 


hardware is required. 
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The-atgorzt enim t£cr finding the shortest paths frem all 


nodes to a destinaticn node K is contained in Appendix A. 


The activity of the algorithm begins with node K transmit- 


ting the update message "K" to all of its Neighbors at the 


Same time. The acticns which a node takes upon recepticn of 


an update are broken down into five parts within Step 2 of 


the algorithm. These actions are summarized as follows: 


1. 


Revise the Update Transmission List (Step 2-A). This 
list contains those Neighbors which are to receive 
the update sent from this node. Each time a node 
receives an urdate from a Neighbor, that Neighbor is 
removed ‘from the Update Transmission List. This 
precess prevents update message "looping". 

Calculate the Update Reception Weight (Step 2.8). 
The ~-asic operation of the algorithm is the mapping 
of the time of reception of an update message BNO an 
Upcate Recepticn Weight. The relationship between 
the time of reception and the Update Reception Weight 
i¢ qa direct properticn (using the constant C) such 
that updates arriving at later times will result in 


larger Recepticn Weights. 
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weight of the link to the node from which the update 


“message had been sent. If node 2 received an update 


frem node 4 this “reverse link weight" would be 
W(Z,4). The tctal of the two weights is the shortest 
path distance to the destination node via the reverse 
HAE Ks To provide a degree of differentiaticn, the 
term "distance" will be used in reference to the 
total weight ofa path or route consisting cf cne or 
mcre links. This path distance is then compared to 
the previcusly computed shortest path distarce with 
the smaller cf the twe becoming the new tentative 
shortest path. 

Schedule the Tentative Time of Update Transmission 
(Stee 2. D) s The tentative shortest path distance is 
mapped into a corresponding time value. When this 
time cccurs, the update message will be sent te all 
Neighbors in the Update Transmission List. 

Transmit the Update (Step 2-2). at the moment the 
time of update transmission occurs, *he message is 


sent to ail nedes in the Update Transmission List. 


SiS, 





Tc aid in understanding the operation of the algorithm a 
simple example is given. Figure 3.1 presents a fcur nede 
network which is used to demonstrate the algorithm in its 


kasic form. The numbers near the beginning of each link are 
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Figure 3.1 Algorithms Demonstration Network 


their weights, W(I,J). Before proceeding with this examcrle 
it must Fe pointed out that the Yen algorithm in its kasic 
form cannot be applied to an actual network. The propaga~ 
tion and processing delays present in real systems must be 
taken inte account and thus some modifications have to be 


made. Also when the algcerithm is applied tO. find 
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Simultanecusly the shertest paths to many destination redés, 
the simple update message presented in the algorithm must be 
changed tc include additicnal identifying information. Bcth 
of these mcdificaticns were performed prior to implementa- 
tion inte the simulation but ce not essential in under- 
standing the fundamentals of the algorithm. 

In this examele, node 1 will be the destination node. 
At the conclusion of the algorithm all nodes in the netwerk 
will know the next nede along the best path to take to nede 
1. The algerithm becins by initializing all tentative sher- 
test rath cistances and their corresponding time value to 
fal nity . The Update Transmission List of each nede 
M@iecially ccntains all the node's Neighbors. The .constant C 
which relates path distance tc time is set to unity for ease 
in Migs ecanding the cperation cf the algorithn. 

At time 0, node 1sends its Neighbor nodes 2 and 3 the 
Simple message "1", Since no propagation delay is assumed, 


nodes 2 and 3 both receive the message "1" at the same time 


De Feing a distributed system, both nodes begin perfcrming 
the algcrithm upon receipt of the update nessage. The 
activity at node 2 is first cbserved. A descriptive format 


is utilized in presenting the algorithm steps which are 
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performed at e€ach nede. The algorithm step label from 
Pendix A is aetnae with each corresponding action. 

Step 2A: Node 2 deletes node 1 from its Update 
Transmission List. This eliminates the possiblilty of 


sending an update to anode from which one has already been 


received. 
Step 2.5; The clock 1s read and the time of receftion 
cf the upfdate from rede 1 over the link (1,2) oe Wem ed. 


This time is then mapped into a Reception Weight. Since the 
time of reception was 0 and the mapping multiplier, ‘ 
equalled 1, the value cf the Update Reception Weight was 0. 

Step 2.Cy: The Update Reception Weight is added tc the 
actual weight of the reverse link (2,1) resulting in the 
path distance. This path distance is compared to the 
previous path distance (which was initially infinite) with 
the smaller cf the twe being selected. The tentative shor- 
test rath distance is then 0+ 2 = 2. 

Step 2.D,E: The path distance is then mapped into a time 
value of z Node 2 will now tentatively schedule the trans- 
Missicn of the update message "2" at time 2 to ail nodes in 
its Urcdatée Transmissicn List. The message number indicates 


mies transtitting nodes identity. 
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Nede 2 completes ceca ct Ona testame O ssince no 
processing time is assumed. At node 3 a Similar precess 
takes flace. 

Sacep 8 2. A Node 3 deletes node 1 from its Upfdate 
Transmission List. 

Step 2.B; The Update Reception Weight is computed to be 


O since tte time of recepticn was 0. 


Strep z.C; The Reception Weight is added to the reverse 
link weight with the result of 0 +4 = 4 for the path 
distance. 


Step 2.0,8; Node 3 schedules the tentative transmissicn 
cr the message "3" te nodes 2 and 4 at time 4. 

The network is then "quiet" until time 2 whereupon node 
2 sends nessage "2" tc nodes 3 and 4. Upon receipt cf the 
message at time 2, ncde 4 performs the following: 

Step Cua: Node 4 deletes node 2 from its Update 
Transmission Gabicnee 

Step 2.8; The Update Reception Weight of the message is 
computed to be 2 since the time of reception was 2. 

seep 2.C; This weight is added to the reverse link 


Seeegnt With the result of 2 + 3 = 5 for the path distance. 
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Step 2.D; Node 4 tentatively schedules the transmission 
of messace "4" te node 3 at time 5. | 

At node 3 the following action PoeOCCHEEs ng: 

Step 2.A; Node 3 deletes node 2 from its Ufdate 
Tranemission List.leaving only node 4. 

Step Z.B; The Update Reception Weight of the message is 
computed to be 2 since the time of reception was 2. 

Step 2.C; The Reception Weight is added to this link 
weight with the result of 2 + 1 = 3 being the path distance. 
This path distance is then ccmpared with the previous value 
of 4. Since this path distance is shorter, the new teéenta- 
tive path distance becomes 3. 

Step 2.D,E; Node 3 then reschedules the transmission of 
the message "3""= to cccur at time 3 when it will be sert to 
node 4, 

Again tke clock ticks until time 3 at which point nede 3 
sends Neightor node 4 the message "3", Node 4 then takes 
the fcllewing action: 

macep 2.A; Node 4 deletes node 3 from its now empty 
Update Transmission List. 

Step z.B; The Update Reception Weight is computed to he 


3 since tke time of reception was 3. 
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Step z.C; This Recefticn Weight is 
link weight resulting in3 +1 = 
rrevicus value of 5. mnie “Caen 


the new value of &. 


Since the Update Transmission List 


additional update transmissions are not 


myeon of the algoritht, the solution to 


node 1 for each node is: 


Node 2: Shertest path (distance = 
Nedé 3; Shertest path (distance = 
Node 4; Shortest path (distance = 


Prom inspection cf this simple network, 


lated ty the Yen algorithm is seen to be correct. 


shown that the algcerithm arrives at 


shortest rath distances from nodes J to 
K for any connected network. 

During the ccurse 
a set 


clee <t, there exists 


Mien), which tkave cerresronding tine 


Beeacer thant. These path distances 


GY which is 


of the algoritha' 


Of “fentat 


added to the reverse 


less than the 


distance is then updated to 


of node 4 is empty, 


needed. At termina- 


the shortest path to 


2) was via node 1. 


3) was via node 2. 


4) was via node 3. 


the solution calcu- 


It is now 


a set of optizal 


the destination nede 
SIOperation at some 


avcumpatchedacearces, 


values, MT{F(J,K) ], 


represent the tenta- 


tive shortest paths from nodes J to destination node K using 
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the test faths computed up to that time. As time JAcece. 
the smallest of the tentative F(J,K)'s, say F(J*,K) will 
become permanently lakeled because at time t = TL F(J*,K)j it 
becomes apparent that there is no other path from node J* to 
node K tkat has a sherter distance than F(J*,K). Cn cne 
hand, tke tentative F(J,K) 's become permanently labeled as 
time passes; and, onthe other hand, whenever a F(J,K) 
kecomes permanently labeled it is used to update cther 
tentative F(J,K) 's. Therefore, at the termination of the 
algorithm, the F(J,K)'s thus obtained are the distances of 
the optimal shortest paths from nodes J to the destination 
node kK. 

A useful analogy to picture the operation of the algo- 
rithm is tcvisualize each node as having an alarm clock. - 
Upon reception of the first update message "K", node J sets 
Mmeenealarcm tc go off at time t = TL F(J,K) ]. If, pricr te the 
alarm clicck "buzzing", node J receives another message over 
a different link, then it compares the current alarm setting 
with the newly computed time. The smallest of the two time 
settings is adopted, which in the analogy equates to reset- 
ting the alarm clock te the new shorter time. When time + = 


meet ,K) | finally occurs, node J "wakes up" and sends its 
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own message "J" to all Neighbors from which it has not yet 
received a message. The terminology used In thls 
descripticn (i.e. alarm clock, setting, buzzer, and wake up) 
is used throughout the simulation PEogdratme =O aid in 
visualizing the varicus operations performed by the nodes 


for the algcerithn. 


E. MCDIFICATIONS TO THE YEN ALGORITHS 
As described in Afrendix A, the Yen algorithm does not 
compensate for time delays caused from the transmission and 
processing cf information and is not able to find simultane- 
cusly the shortest paths +o many destination nodes. Pig along 
to application withir the simulation, both of these nodifi- 
cations were made. The sclution to the problem of time 
delays 1s presented first. 
1. Time Delay 
The delay associated with ‘transmitting information 
ever a dlink between nodes within a digital communication 
network invclves three factcrs: 
1. The length of the transmitted message. 
2. The cropagaticn delay cf the transmission medium. 


3. TEE message precessing time for the receiver. 
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If at time 0, eae J. begins sending the first bit cf 
an N bit packet message to node K then at some later time 
the last bit of the message will have been sent. ri R is 
the transmission rate in bits per second of the node then 


this time will be 


The first bit of the transmitted message will reach the 


receiving nede after a delay in propagation given by 
c= sy 8 


where L is the physical length of the link in meters and V 


is the velecity cf prepagation for the medium in meters per 


second. The receiver then will have the entire message at 
time Tu + Td. The “EG (SOE DESO must then perform the 
timing ccmrutations which will be completed in the 
processing time Tm. The total delay from the time a node 


tegins sending a message to the completion of processing by 


the receiving node is 


Td = Tu + Tp + To 


Tte kasic Yer algorithm functions on the principle 


GCE Mapping the weight of a link into a time delay in the 
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transmission of an update message. The mapping functicn is 
linear rase€ed upon the constant C. When delays are present 
in a network without proper compensation, link weights are, 
in effect, changed which can result in erroneous best path 
Seaaculaticns. It ais important to bear in mind that the 
weight W (I,J) associated with link (I,J) is specified by a 
commodity which the network designer is attempting to mini- 
mize cver all pessirle paths. Physical transmissicn and 
processing delays may have nothing to do with the selected 
commodity and thus their effect upon the algorithm's ofera- 
tion must re removed. 

The nature of the problem is illustrated using the 
tasic network given is Figure 3.2. In this network a time 
delay, Td, is associated with each link which is assumed to 
Beeidentical for all links in the network. If node 1 Oorigi- 
nates an ctpdate message then node 3 will eventually receive 
Phas destination update over both links (3,2) and. (3291)™ 
Node = will then perform two separate calculations of the 
algorithm resulting in two time settings related to the 
transmission of its cwn update. The time setting frem the 


update traveling over link (1,3) is 
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Figure 3.2 Tranesission Delay Demonstration Network 


W(3,1) 
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In the same way, the time setting frem updates traveling 


ever links (1,2) and (2,3) is given by 


T(3:2:1) = 2Td + a 2) 
For a given selection of link weights, either path may be 
fie test. Therefore, T (3:1) must be able to be greater 
than, less than or egual to 1(3:2:1) based upon the link 
weights themselves and independant of transmission delays. 
The most direct means of removing these effects is to let 


each link weight be ccmpensated individually such that 


W (I,J) SR {t sd) = (Tdue*,C) 
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This means, however, that the initial stipulation of having 
all link weights be greater than or equal to zero must now 


ke modified to 
W(I,d) > Fae 


In implementing this scheme there are two alterna- 


tives. The first is to establish link weights such that all 
W(I,J) 2 1 
which would mean that 
Ci=') 7 id 
Therefore Step 2.C of the algorithm would become 
F(J,K) = minf F(J,K) , W(J,L) + F(L,K) -1} 


The second alternative (which was actually used in the sinou- 


lation) is to ensure that 
Wiil,;J) 2 Ted 


which meant that 


Step z.c then becomes 


Ed, a )e= Tan. (J pK) GoW (S,L) + F({L,K) - Td] 
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The raising bs +he lower bound of allowable link weights 
prevents the algerithm from scheduling update transmissicns 
in BR cativer or past time. 

Figure 3.3 depicts the network used to show the 


effects that time delays have upon the basic algorithm and 
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Pequre 3.4 Time Delay Test Network 


faen the modified version. The time delay for each lirk is 
1 secend and cC is set equal to 1. Link weights are labeled 
and tke destination is node 1. The actions of both the 
Peete and modified algorithms are summarized in Table I. By 
cbservaticn it is fecund that the best path from node 4& to 
node 4 is via node 3 which has a path distance of 6. Note, 


however, that node 4 using the unmodified algorithm arrived 


a 
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TABLE I 
Actions of Basic and Modified Algorithms 


BASIC ALGORITHH 


| i 
{ 
| 

| | 

| Time (secs) Node Activity | 
| 

| 0 Higemts §1" to n2 and n4. 

1 HZ rcvs ae Se Se citienot 2! | 

at time = 2 =e 5 | 

NOesey Sc tee eschedules xmt of *4'* | 
| at time = 7 + 1 = 8. | 
fee et See 9 CO fs. | 

{ PopreWwce 2Ziyecenedules xmt of '3' | 

{ at time = 2 +4 = 6. { 

! Rome se’ s® to nd. | 

nu revs '3', computes the | 

| minf 6, 2+ 7] = 8. | 
| NODIPIED ALGORITHM | 
| 0 n?1 sends '1' to n2 and n4. | 

°1 migesies. * (tae Sey BOSE xmt of ee i 

at time = 2 - 1 De | 

| ng gets ‘'1', schedules xmt of ‘4! { 
| at time = 7 + 1- 1= 7. | 

Nesend -—) 2eaero 3. | 
n3 gets hue schedules xnet LF we) | 
| at me = 2 3 1 W. | 

Po sende= "4" to nd. i 

‘ ny gets '3', computes the 

| mint 7, 2+ 5 - 1} = 6. | 

eerie 
ean inccrrect soluticn. In contrast, the modified algo- 


rithm cempensated fcr propagation delays and computed the 
correct path distances and best path next node at all nodes 


meee n the network. 


ge 






In applying the modified algercttim,» when all link 
weights are set to their minimun allowable values, the 
resulting routing takle is a least hop one. Mis si tnipoLrtant 
result was used during the development of the link weight 
function in Chapter V. At this point, though, one can tegin 
to see if link weights are related to traffic parameters in 
some way, that during pericds of light activity (when 
weights are small) the modified algorithm will "automrati- 
Sally" preduce least hep routing. As shown earlier, least 
hop routing is very effective when traffic intensity is 


Prognt. 


The second mcedification involves enabling the algo- 
rithm to handle Simultaneously the best path calculaticns to 
many destination nodes. The simple nessage ‘K' and 'J* nust 
ke changed to contain additional information in order to 
identify the destination nede. One solution is that the 
update message ccntain both the originating and retransnit- 
meng nodes identity. This would uniquely identify the 
update message for the receiving node. 

Along similar lines as multiple destination nodes is 


the need to distinguish consecutive uodates originating from 


ihe. 





the same ncde. In crder to differentiate them, a sequence 
number can he included in.the update message. The determi- 
nation of tke number cf bits assigned to the sequence number 
would relate to the amount cf differentiation required. if 
no more that M updates originating from the same node could 
te in ‘transit at tke same time within the network, the 
number of bits for the sequence number would be log M (using 
tase twe legarithm). Using this method, the sequence 
numbers would continucusly cycle from 1 to M. 

All network nodes must also have the additional 
capacity fer keeping acccunt of multiple update "alarn 
clock" seguences. Memory requirements include maintaining 
the clock setting and the corresponding Update feanenwes (on 
List for each destination node update which is in progress. 
For very large networks this may be a considerable peaquices 
ment. Alternate mrethods invclving hierarchical network 
structures are considered later in this chapter as possible 


schemes tc reduce these requirements. 


C. CCMPEUTATIONAL EFFICIENCY 
In tke comparison of shortest path algorithms criterion 
which is often used for judging their perfcrmance is the 


Calculaticn of upper bounds cn the number of computational 
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steps each require. Computational steps refer to the addi- 
tions, maneccc: ions and comparisons used during the execu- 
tion cf the algorithm by the node's microprocessor. An 
additional criterion related to distributed algorithms 
involves the nature and frequency of information which is 
exchanged between nodes. 

Corresponding tc almost any shortest path algorithn, 
there exists some special network structure for which the 
aigorithm is efficient. Creyfus (Ref. 16] prevides a 
compariscn of the computational efficiency of many shortest 
path algcrithms using a test network in which every pair of 
nodes is connected by a link. In interpreting the resuits 
it is censidered that cne algorithm is significantly 
superior tc another when the computational bounds differ by 
the multiplicative factor inveclving N, the number cf nedés. 
When Computational bounds differ only by a constant then the 
Beecticn ketween the algcerithms most be based cn cther 
emarericn. eereus concludes yan the Dijkstra centralized 
Shortest path algorithm was most efficient (of the ones 
examined) requiring 1/2 N3 additions and N3 comparisons in 
calculating the shortest paths between all node pairs. The 


only decentralized algorithm tested was one by Akram and 
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Rhodes (Ref. 17] which fared much worse than Dijkstra's. 
The efficiency, of the algorithms by Gallagher and Segall was 
not discussed in the references. 

The Yen algorithm in determining the best paths from all 
nodes J to a destination node K in an N-node couflete 


netwerk requires as mcst 
(N-1) + (N-2) + «2.6 + 12 1/2 N2 additions 


and the same number cf comparisons to execute the N-1 itera- 
mMeons Of Step 2.C of the algorithn. FOu —Gcaveulatane the 
test caths ketween all node pairs, the previous results are 
Multiplied by N resulting in a requirement of 1/2 N3 addi- 
tions and 1/2 N3 comparisons. The algorithm also requires 
at most 1/2 N3 transmissions of the simple update messages 
in Step 1 and Step 2,5 Glee ne algori t nm. 

This result concerning the update transmissions can be 
Mea to find the uprer bound on link utilization due <¢o 
update message Ama eae ina connected N-node network. The 
Maximum number of ¢transmissions required to determine the 
rest path from all necdes to a Single destination node is 1/2 
N. The proof can be shown using Step 2.A of the algorithm 
which states that after receiving a message, node J deletes 


the retransmitting node from its own Update Transmissicn 


= 6 






| 


{ 

| TABLE II | 
| Computational Efficiency | 
| Algorithm Additicns Comparisons TIransmissicns | 
| Yen 1/2 N3 1/2 N3 1/2 N3 
Abram 1f2 N* 1/2 N* W727 N* ! 
CLijkstra 1/2 N3 N3 SaaS | 
a NONI ae A 


List. This act eliminates the possibility of update lccping 
upon transmission by node J. This means that for each pair 
ef links (I,J) and (J,I) ina full duplex system, only one 
of them will carry an update transmission associated with a 
ee dcetinaticn node. The total number of transmissions 
in the network for a Single destination update is then cone 
half the number of links which for a fully connected network 
is approximately 1/2 Ne. 

The results of the computational efficiencies of the 
tnree algcrithms is given in Table II. Additional comruta- 
tional acvantages of the Yen algorithm include: 

me rne COonpu-aticnal effort of the algerithm is preper- 
elena le co the fhumber “of links in the network. 
Therefore the Yen algorithm requires fewer comruta- 


ticns in sparse networks where there are fewer links. 
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2- Unlike Dijkstra's algorithm, the Yen algorithm dces 
net have to scan fer the minimum of all tentative 
best path distances in order to sort out the perma- 
nent best path; consequently, it saves computaticns. 

3. Unlike the Abram and Rhodes algorithm, the Yen algo- 
rithm does not use a best path distance F(L,K) to 
update other tentative best path distances F(J,K) 


unless F(L,K) itself is permanent. 


D. AFPLICATION TO PACKET SWITCHED NETWORKS 

In adapting the Yen algorithm to a packet-switched 
network, techniques must be developed tc enable the algo- 
rithm to cperate as "transparently" as possible within the 
hetwork. Specific preblems relating to burdening the necde's 
microprocessor with reuting calculations and excessive cover- 
head fren update <+transmissicns have to be avoided. 
Fortunately, the computational efficiency of the Yen algo- 
rithm is very good and the only special hardware requirement 
is a clocking device which already exists in the micropro- 
cesscr. The challenge, then, for implementing the algorithn 
1s centered in the furdamental Way in which the link weight 


informaticn must propagate in the network. 
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femme he Yen algorithm to  Eunction it 1S critical that 
the update messages fe transmitted at the ene ada ted time 
setting since the tine of transmission is directly tied to 
the path distance. The capability for a node to ke able te 
transmit an update over a link at a precise time is crucial 
to the algorithm's success. 

Protlems develop when at time t = T{F(J,K)}], node J is 
to send update 'J* tec nodes in its Update Transmission List 
and some links are busy transmitting message packets. Even 
if update packets are given highest priority and placed at 
the tcp of the link queues, the delays due to busy links may 
menctoc great. 

There is another factor which concerns the desire to 
have updates propagate throughout the network as quickly as 
possible. Fast update propagation means more timely routing 
eieormaticn upon which to base calculations. This can be 
accomplished by prorer selection of the constant C in the 
algorithn. The propagation speed of updates through a 
network can be increased by letting C equal its maxinun 
allowable value. The limitaticn on this upper value is set 
ty the fropagation delay asscciated with the links then- 


selves. When C is large the time delays computed for the 
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transmiscsicn of update messages will be their shortest. 
Therefore delays due to updates waiting for message packet 
transmissions will result in errors with best path calcula- 
is: being even mcre amplified. The solution to this 
problem lies in the configuraticn of the update packet 
itself. 

To reduce the overhead from update traffic, the length 
cf the update packet should be kept to a minimum. 
Fortunately, the Yen algorithm requirement on information 
ketween nodes is quite small. The Seance message in its 
Fasic ferm contains the identity of the-destination and 
retransmitting nedes. The update also requires a preamble 
which identifies it as being an update packet. By selecting 
a specific form for the preamble, the answer to the precblen 
cf transmitting an update over a link which is busy sending 
a message packet is fcund. 


1. Urdate Insert: 
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While a message packet is being transmitted an 
update packet cculd be transmitted at its precise time if 
there was a means cf inserting the update into the bit 
stream of the message packet. The receiving node must then 


re akle tc distinguish this inserted update from the message 
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racket, remove the update packet and then reassemble the 
messace fpacket. Though scunding like quite a complex 
eecqnam for the node's microprocessor to handle, the ispile- 
mentaticn is straightforward. 

Let the preamble of the update PaeKes be a specific 
Bet pattern of length L which is called a reserved pattern 
or symbol. Hamming ({Ref. 18] illustrates the concept of 
reserved symbols by the quotation marks in FORTRAN progran- 
‘Ming which are used to distinguish comments from actual 


operating ccde. The receiving node, knowing the reserved 


pattern, Simple scans the incoming bit stream and tfon 
Metectinge this pattern, removes these L bits and the 


following U bits which make up the entire update packet. 

The problem is not completely solved for if by 
chance tke reserved pattern occurs in a message not 
containing an update packet.then the nede would respond to 
the reserved pattern which is undesizable. Tie scolucten 1s 
to add an extra bit after the L bit reserved pattern with a 
1 signifying an actual update packet and a 0 otherwise. The 
transmitting nodé is new required +o observe the bit strean 
of outgoing message packets and when detecting the reserved 


Mmeeeern, insert a 0 as the fcllowing bit. I= the reserved 
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Figure 3.4 Update Packet Configuration 
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pattern happens to appear often in the course of message bit 
streams then a good deal of channel capacity will te wasted. 
Figure 3.4 shows how the compenents of the update packet are 
eentigured. 

Tre probability of a reserved pattern occurring 2, 
be reduced ty increasing its length L. "However, as L 
increases, the total update packet length grows and mere 
Me iable channel capacity is used in update overhead. In 
examining tke trade-cffs involved in selecting the length of 
Siempattern, the link utilization using the insertion tech- 
higue is examined. 

éa€. Overhead from Insertion Technique 

RhemeinsoscotiOn tf echazgue “costs” L + 1 bits cer 


update packet and 1 bit for each occurrence of the reserved 
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pattern in a message packet. Since the data transmission 
rate is krewn, the tctal link utilization due to this method 


is 


OrIL{ inserts ] = (Nu(L ¢ 1) + Nn(1}] / R 


where Nu = Average number of updates transmitted per 


Link per second. 


Nm = Average number of occurrences of the 
reserved pattern in messages per link per 
second. 


R = Data transmission rate (bits per second) 


The upper bound on ufdate link utilization S be directly 
computed from the knewledge of the number of nod¢s in the 
netwerk and the update interval. The update interval corre- 
sponds tc the average amount of time between cecnsecutive 
updates EFéeing generated by a single node. If each of the N 
nodes in the network generates a destination update every T 


seconds then Nu will te 
NUS =" oN 7 2T 


The next effect examined is that of the reserved 
Beeecct=n length upon link utilization caused from the 
additional signaling bit necessary whenever the pattern 


eccurs in a message packet. Mw erinatng this, ats 
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necessary tc determine the number of occurences, on the 
average, cf the reserved pattern which appear in a message 
packet. The problem is approached by first modeling the 
message racket as a random Einary sequence of length M. Mim 
it is assumed that the message is the same length as the 
reserved pattern then the probability of the pattern and the 


message keing the same is 


Ercb{ pattern occurring} = 1 / 2**L 


In «he case where the message 1s not the same size as the 
reserved pattern then a binomial random variable is used 
@een the following definitions: 
EF = The proBability of the reserved pattern 
occuring in a sequence of length L. 


n = The number of possible L length sequences 


ina message of length M. 


X = The number of times the reserved pattern 
SOCCuUrS. 
F(X = kj = The probability that the reserved 


pattern occurs k times. 


From the first case cf equal length patterns and messages, 


the value of p is 


Dia / 222k 


84 





The value of n can be found by adding one piteat a time 2G. 
message racket which sasued allie has length M equal to lL and 
determining how one possible reserved pattern sequences 
could occur. If M equalled L + 1, then one pattern could 
ceccur starting at either the first or second bit. However, 
hee is cbhvious that two patterns could not coexist. A 
message length of 2L weuld have to exist before two patterns 


could be found. This resuit is generalized such that 
n= M/tL 


The existence of "cverlapping" reserved patterns 
is impossitle based upon the receiver's recognition tech- 
nique for detecting reserved patterns. The receiver views L 
kits at atime, and upon finding a reserved pattern, locks 
at the fcllowing signaling bit and takes the appropriate 
et lon. In the case of no update packet present, the 
receiver strips off the signaling bit and continues to check 
the kit stream starting with the next message bit. This 
rrecludes the possibility of overlapping reserved patterns. 

The probaklility of the reserved pattern cccur- 
Ting k times is then a binomial random variable in which 


Pes = kK) = 5 an (oy Ci = py *%(n = k) ) 


So 





The expected number of occurrences is given by 


E{X* = ap 


If the average number of message packets transmitted per 


link per second is P, then 


Pit Zr 1) 


Substituting the values of Nu and Nm into the utilization 


formula yeilds 


: r N(L + 1) PM 
Drrl@emceresy. = WE --=s=--- $ 9 eee ee eee 
ZTR LR(2**L) 


This result indicates that the highest overhead will be due 
to the update packets themselves when a reserved pacxet is 
selected which is leng enough so that the exponential term 


in the dencminator becomes large. 


FE. A HIERARCHICAL VERSION 

ime need for reducing the size of routing tables and the 
overhead frem node urdate transmissions can be met by modi- 
fying the Yen algorithm to be able to function in an hier- 
@een2tcal form In presenting the modifications to the tasic 
algorithm, the requirements necessary for a hierarchical 


yversicn tc function are identified. 
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When using a hierarchical scheme, the network is divided 
into regions of nodes; if additional levels are needed, 
these regions may in turn be grouped into clusters. The 
number of levels is in no way limited to two, depending toa 
large extent upon the total network size, but this illus- 
meates tke point. The terms "group" and "family" will be 
vsed to refer to the two respective levels which is in 
keeping with some of the prior work in this area (Ref. 19]. 

Recuting table size is therefere reduced since individual 
nodes no loncer have to keer entries on each node within the 
entire network. Nedes only keep "node" entries in their 
routing tables to nodes within their same group. To route 
messages te nodes outside their group, but within the sane 
family, "group" entries are maintained so that each nede 
knows the best path te groups within the family. Pena 1 hy 
"family" entries are kept so that nodes know the routes to 
families outside théir own. 

The Yen algorithr functions successfully because of the 
implicit ability of a node to send its destination update to 
its neightor nodes at the same time. In this manner, the 
fae weight information which is | AdSeeole related <o urfdate 


transmission tim2 is accurately disseminated. For the Yen 
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Pewecitite cc «6ofMmericn in ai hierarchical structure, then, 
Beans that a group cf nodes be able to transmit its Greup 
destinaticn update tc all of its ee nodes at the same 
time. This, of course, applies to each hierarchical level. 
The key te applying the basic algorithm in this structure is 
to develop a means whereby a grouping of individual nodes 
can act asa Single ‘super’ node. ‘By eistag a greup 
"warning" message, adequate coordination can be accomplished 
so that this is possitle. 
1. Warning Messages 

This warning message could originate from any node 
meenin the basic grcup. The warning contains information 
identifying its nature and the future time at which the 
group update message is to be sent. This future time 
(called the "firing time") would be far enough in the future 
eee tc ensuze that all nodes within the basic group had 
Beceived the warning prior to firing time. Each node knews 
the identity of its néighbcr nodes and therefore this 
Warning would only te transmitted to nodes in the tkasic 
Scour. 

The means of disseminating warning messages within 


the group could be by a simple flooding scheme. Uron 


88 








mmm me ee me em 





en ee a ned nn 


cme mee ew ee eee 


o— come wm ee 


—---—--_-—-----—-— 


ine =u ceecands 


The "Leader" transmits the 
Group Warning Message to 
neighbor nodes (Firing Time 
tol VU eseconds ):. 


Transmission Delay = 0.1 secs 


ine. = Ol eseconas 


Neighbor nodes receive the 
warning message and retransmit 
Memeo Miner Nema bors which 


are in the same basic group. 


iniew= Oe seconds 


All nodes in the group are 

Nowe cocxed ’ and ready to 

fire the group update at the 
ze 


Ivana aici ns Lime. 


lame as LsO Seconds 


Group "border" nodes fire 
the update to neighbor nodes 
which are not in the basic 


aronsley- 


ae wee ee a ee Ss ee Se eee eee ee ee ec es oo ee 4a le LS ees, Ge ee ee ee ee Le) eB Ee a ee ee ee ae 


| 
! 
| 


Figure 3.5 


Group Update Sequence 
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reception of the warning message, the node is "cocked" and 
_ready to fire the ufdate. When the firing time occurred, 
‘nodes in the group would only transmit the group update 
message to nodes outside of the basic group. Samece all of 
these "Ecrder" nodes of the group would fire the update to 
outside nodes at the same time, the net effect would be as 
if a single "group-sized" node had originated the update 
message. EigiimwermssoudeplectS the actions that occur during 
this sequence of events. 

The algorithm would not change except that the crig- 
inatcr of tke update would be the group identifier. FOr a 
two level hierarchy, updates would originate from nedées, 
groups cr families and warning messages would be of two 
mypes, Either grcup cr family. 

2. Criginating Warning Messages 

In using the warning message concept, a methced of 
determining how they will be originated for the group ls 
required. The key consideration in the selection of the 
method is whether a single nede within a group should be 
responsible for originating the warnings or if this function 
is tc be distributed amengst all nodes in the group. The 


memset method liocoked at was a distributed scheme in an 
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attempt to minimize the use of centralized control 
mune tions. 

This proposed method was based upon having each ncde 
originate its Own group warning message on a regular basis. 
The time interval tetween messages could be a uniformly 
random amount with a prescribed average value, perhaps’ 
related toa multiple of the node update interval. An 
anticipated problem with this approach is the difficulty in 
Maintaining acceptable "spacing" in time between warning 
messages which originate from many nodes. Setuations could 
develop where all warning messages occur within a small time 
interval, fcllowed by a relatively long period of time where 
none are originated. fisss ee ounciung' “and “Spreading! of 
update transmissions can causé poor routing information and 
degraded network performance. 

A scluticn tc this problem is to have a single nede 
within a group be the originator of warning messages at any 
Seven tie. With this method, tne plroObwem) Of ~ pcorly 
distributed group update messages in time is eliminated, but 
now the network is subject te the vulnerabilites which any 
Berm OL centralized ccntrol introduce. If the node géner- 


ating these group warnings fails, then the network will 
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suffer. Additionally there is the difficulty in selecting 
which node er be the "leader". 

An algorithm is provided in Appendix B which gives a 
means cf determining the single node which will criginate 
the group updates anda way in which "Successor" nodes can 
be chesen to replace fallen leaders. It is based on the use 
ef a timer which is “set" when a node receives a warning 
message. The timer's setting is greater than the maxinun 
interval Eetween ccnsecutive warning messages plus the 
Maximum propagation ci such messages throughout the group. 
If the nede's timer runs out prior to the arrival of ancther 
warning message then the node concludes that the leader has 
failed. The action taken Ly the node is the originaticn cof 
its own "Successor" pessage which notifies other nodes that 
memos now competing for the function of leader. Provision 
is made such that orly one successor is selected if indeed 
the previcus leader had failed. 


3. Synchronizing Unit Update Transmissio: 


lin 


A possible prceblem with the hierarchical versicn of 
the Yen algcrithm is the overhead associated with achieving 
Simultanecus update transmissions by all nodes of a arcup or 


family. I+ was mentioned before that to disseminate the 
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warning message, a flooding technique may have to te used. 
As discussed in Chapter II, flooding can cause significant 
message duplication and excessive overhead. Another ccndi- 
tion that exists is that the only nodes which actually 
transmit the group ufrdate message are those on borders which 
have neighbors outside Ene basve = gLoup. If these berder 
nodes, then, knew cn their cwn when to “fire” the update 
messages then a substantial reduction in overhead could be 
achieved. 

The proposed soluticn tc this problem is best illus- 
trated by means of a musical analogy. A node can te likened 
tO a musician in a bard where the band is the basic group or 
memi ly. Under the current warning message scheme the nodes 
are directed to fire the eee at a specified time. Tes 
Meeeetilar to a band without sheet music being directed to 
Flay a seng one note at a tine. A more efficient method 
would be tc provide each musician with his own copy of the 
song. Now the director (i.e. leader node) only has tc 
ensure that the band members begin playing at the same time. 
He must alse periodically wave his baton to ensure that the 


tempe is maintained. 
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A simple pattern which each node within a group 
could fcllow would te setting a fixed ee al between 
consecutive update generaticns. For example, if the resyn- 
chronization time was 15.8 seconds and the agreed ufon tine 
interval was 2 seconds, then nedes would transmit their 
grour tpdates aeemes Of 15-9, 17.8, 19.8 and so cn. FOr 
Many applications this simple scheme may be suitable. 
However, if highly repetitive transmissions are not desire- 
able, then a pseudo-random sequence may be used. 

In order to generate a pseudo-random sequence of 
firing times for the unit update messages, a concept fron 
Spread spectrum communication systems was utilized. Such 
Systems cften employ feedback shift registers (FSR) ee 
generate the pseudoncise (PN) binary sequences which are 
modulated by the data bits. 

The configuration of athree stage FSR is shown in 
megayre 3.6. When clocked, a K-stage FSR produces a PN 
sequence of length 2**K - 1 before repeating [Ref. 20]. 
Even when using a small FSR, then, one can produce a rela- 
tively leng sequence. Some Direct Spreading spread spectrun 


(DSSS) systems use the FSR in this manner. 
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Figure 3.6 Feedback Shift Register: DSSS Configuration 


Ic produce tke pseudo-random firing times, however, 
another ccnfiguration of the FSR is proposed. This partic- 
ular method is sométimes employed in Frequency Hopping 
spread spectrum (FHSS) systems. Note that in Figure 3.7 the 
Cutput is from taps taken off of all FSR stages. The outrut 
sequence fren this configuration is given in Table III. 
This K Frit binary "time" value will then hop amongst all 
integers Fetween 1 and 2**K - 1. The sequence of heps will 
appear randcem, but cf course is predictable if one has the 
Pew leacc Of the, FSR configurement, the initial “valuve" 
which the FSR contains, and the start time and frequency of 
merc lock. 

Since the K bit time number takes on all values 


retween 1 and 2**K - 1 during a complete sequence, cs 
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Figure 3.7 Feedback Shift Register: FHSS Configuration 
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Waverage" value is simply the midpoint of this range. 
Therefcre, to produce a particular average time between unit 


update generations, cne could include a constant term or a 
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scaling multiplier such that the FSR numbers would map into 
the appropriate time range. 

In use the nodes would receive the resynchronization 
time and then "clock" the FSR at the time of firing. The 
value received weuld corresfond to the time interval before 
the next firing were to occur. The process would continue 
in this manner with anew firing time being calculated 
directly after a unit update is sent. 

The reduction in overhead between this methed and 
the previous one relates te the ratio of the average 
interval between updates to the average interval before 
resynchrecnization is needed. As an example if the average 
group update interval had been 1 second and if the time 
kefore resynchronizaticn was needed for the pseudo-randon 
time sequence was 20 seconds, the required overhead due to 


warning messages would be reduced by a factor of 20. 
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IV. NETWOBK MODELING AND SIMULATIO 


Numerous techniques have been applied to the design and 
study of packet transport networks. Mathematical tools to 
include beth models of queues and networks of queues have 
keen used tc predict the behavior of packet systems with a 
high degree of success. Many heuristic techniques have also 
keen developed in the quest to find the optimum structure 
and operating methods of a system. Work of this nature has 
keen acccmplished in areas such as network topology design, 
link capacity selection and routing algorithms. | 

Analytical techniques at times cannot be used when the 
theory is unable to. deal with some of the "real" properties 
of packet networks such as state dependent transiticn prob- 
abilities and correlations between interarrival times and 
service time requirements (Rete 24. Sanilac ton sc her 
= a frequently used technique to gain useful insights, 
and in fact most majcr systems, prior to construction, were 
first studied in this manner. 

Easically, Simudation has two main purposes: a) the 
performance evaluaticn of network protocols that are analyt- 


feally intractable, and b) the validation of analytical 
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models kased upon - simplifying assumptions fRef. 21]. 
Becver, tkese purpcses can only be achieved if the simula- 
tion model itself is valid, and techniques are required 
which can te used to guarantee the validity of the model. 
This researck involved an application of simulaticn for 
the purrcse of evaluating a network routing protocol. The 
approach used to verify that a SIMSCRIPT program of 3500 
lines actually medeled the system in question was tc use an 
analytical mcdel and compare the results when the progran 
parameters were set to correspond. Tf the simulation 
produces results which agree with that of the analytical 
‘model, then one is inclined to believe that the results 
obtained when other program parameters are used will also be 


aiid. 


A. ANALYTICAL TECHNICUES INVOLVING QUEUING THEORY 

In developing mathematical methods for analyzing complex 
ee+-switchea networks, queuing theory has been widely 
applied with many results being developed that give insight 
to a variety of problems. The simplest queuing model is 
that cf a single server queue. Single server queues are 


Saeegerized according to their interarrival time and service 


meet ribruticns. These categories are often designated using 
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a LetteryLletter/Number, such as M/M/1 or M/G/1, where the 
first letter denotes the interarrival time distribution, the 


second letter the service time distributicn and the third 


element the number cf servers in the system. Standard 
letters used are M - exponential, D- fixed and G - 
general. 


Many fcrmulations have been developed for single server 
queue systems. Those which are related to finding the 
average number of ctstomers in the system are focused uron 
in this work. This particular statistic was chosen based 
upon selecting the cre quantity from many elements which 
most accurately described the status of the network at any 
given time during a simulation run. The details behind this 
explanation relate tc the actual simulation program itself 
and are presented in Chapter V. 

1. Little 

Little's Result [Ref. 22] is a basic formula which 


States tkat for a steady state queuing process 


E{nj = AT 
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where E{n] = expected number of customers 
in the systen; 
r = average customer arrival rate; 
7 = average time customer spends 


in systen. 


This result is widely applicable since the formal freof 
makes no assumptions about the arrival process distributicn, 
the service time distribution, the number of servers, nor 
the service disciplire which may be first-come-first-serve, 
last-~come-first-serve, etc. The system in guestion can aiso 
be a network of queues and the M/M/1 hypothesis doesn't have 
to be inveked, so that the theorem is quite broad in its 
ao. icaticn. Using Little's Result, an entire network can 
ke enclosed in a “black box", and as long as the arrival 
rates are known and the network is in steady state, *+hen by 
determining the average number cf customers (or packets) in 
the system one can calculate the average transit time fora 
packet. This simple technique snoes the comparison of 
Slimulaticn results with those obtained analytically using 
Little's Result in crder to verify the "behavior" of the 
simulaticn. This technique was utilized during +he simula- 
tion program test phases with results that agreed very well 


with those cbtained using Little's Result. 
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A second fornula useful in network analysis is kased 
upon the Pcllaczek-Khinchin formula for finding the mean 
number of messages in an M/G/1 queuing system [({Ref. 23]. 
The M/G/y1 system involves a general service time distribu- 
tion which implies that messages may have non-exporentially 


distrikuted lengths. The P-K result is given by 


ae E 1 + Cb2 
Doles 02st ap =a 
Zep: ) 


where "0" is the traffic intensity and is defined as A\/z 
with “A" again being the arrival race and "yw" denoting the 
service rate. Cb is the ratio of the standard deviaticn to 
the mean cf the service time distribution and is defined as 
On/fuU. This formula shows that if two service time distri- 
Eutions have equal means, the one with the larger standard 
deviation will produce a longer waiting tine. For the M/M/1 


gueue, Ck = 1 and the expression for E{[n] reduces to 


TkEe use of the term "customer" and “service time 
are used in illustrating queueing models; of course, ina 


communicaticns network the customers are the message packets 
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and the service rate is the capacity of the channel in 
we kets ack second. 

The P-K formula applies to message length statistics 
which are continuously distributed but amore realistic 
assumpticn is that these message lengths are discrete in 
nature, being made up of a number of packets. Studies have 
shown fer Ecth long (15 to 30 minutes) and short (1 to 2 
Minutes) kclding-time connections in packet communications 
systems, that the number of packets per message are géome- 
Mercally distributed fRef. 25}. A geometric distribution 
means that the probability of a message being one packet in 
length is given by scme number p $ 1, the probability of two 
rackets is pg with gqg=i1 - op, VnewprOuaotity §or three 
packets is pq? and so on. The probability of a2 message 


being k rackets long is 
F[ X = k j = p(q** (k-1)) P) k = les Deas 


The discrete form of the P-K formula is given as 


F{I}] = 


nes 





.—_ 


where ECL] = the average number of packets 
in the systen; - 
Up = the average number of packets 
entering the system in D seconds; 
To = the variance of the packets 


entering the system in D seconds. 


These parameters refer to packet arrivals ina fixed service 
interval C. The value of D is related to the link capacity 


wom by 
Cc = i/fD 


Seen 25 in packets fer second. The term U, is the same as 
mre traffic intersity parameter since it is the ratio of the 
average traffic rate into the system to the system transmis- 
Sion capacity. Therefore p is the average number of packets 
acriving in D seconds or just Uy « TOesand the arrival 
Meeeeastics Cf the packets entering the system ( H, and Op) 
mie Fcisscn distribution of message arrivals must be 
combined with the gecmetric distribution of message lengths 
in packets. 

Fer a gecmetric distribution, the average number of 


packets per message is given by 


E(X}) = i1/p 
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and the variance by 
oe = Gia pé 2B 
From Fcisson message arrival statistics we have 
= 2 = r 
ECS] Om D 


Therefore if P is the number of packets received in D 
seconds then 


EP] = up = ECXIE(M] = AD /p. 


The variance of P is fcund to be 


Q 
N 
i 


(ays aes + (a = Ep X )) 


(AD(1 + q)) / p? 


meeacing tkese expressions for U, and o#, the expression 


for the average number of packets in the system then becomes 


XD ( AD(1 + q)) / p2 
ECL) = -2-- 0 ¢ 00 tee eee renee = 
2p 2(1 - A D/p) 


As a check assume that all messages are one packet in 


length, in which case p = 1 and therefore 


fay = -- + Ne s Meee (i) Sons 
2 2(1 - 3D) 1 =- iD 


Now ccmpare this with the continuous formulation using Cb = 


0, wherery 
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1 ) 
CN] . ae iawn. p /2) 


Foth results are equivalent since when all messages are of 
fixed length equal tc one packet, the number of messages 
stored must be the same as the number of packets stored. 

Tke importance of this formulation is that the vari- 
ance cr spread in tke number of packets arriving increases 
as the average message length increases. This means that 
fee a fixed traffic irtensity, the message arrival rate } 
must decrease as 1/p increases to keep the average number of 
packets Up, = 9 fixed. However, this increase in variance 
méans an increase in the probability that longer messages 
will arrive and hence the average number of packets in the 
system must increase. This result proved very importart in 
studying the behavicr of the routing algorithm when using 
geometrically distributed message lengths. 

Little's Result and the P-K formula were the primary 
Smaeytical tools utilized in determining whether the sinmula- 
Hyon ECrogram was operating correctly. Statistics obtained 
during pregqram runs were checked by direct applicaticn of 


these ferrulas. 
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B. NOTES ON SIMSCRIFT II.5 

SIMSCRIET 113.5 is a discrete-event simulation progran- 
ming language Aes is designed specifically for modeling 
systems whose state is deemed to change instantaneously at 
discrete points in time, rather than continuously. The 
discrete Redes of packet-switched networks make this an 
excellent language fer construction of the nodel. Sere of 
the unique features and general characteristics of SIMSCRIPT 
TI.5 which made it a particularly desirable choice for this 
research are examined in this section. These descripticns 
are aimed primarily at giving the reader unfamiliar with the 
language some insight into why the program was structured in 
the manner selected without having to assimilate the entire 
program. 

As a convenience in understanding the fcllowing descrip- 
tions, terms appearing in ALL.CAPITAL letters with seéeper- 
ating pericds are the actual variable names used within the 
rrogram. Inthis way readers wishing to correlate the over- 
view infcrmation with the actual program code may do so. 

1. Entities and attributes 

An entity 1s a structured data item which represents 


some element of a modeled systen. It is like a subscripted 
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variatle inthat it may represent more that one value. 
These values are termed attributes of the entity and when 
assigned specific values, they define a particular configu- 
ration or state of the entity. The important point, thcugh, 
is that these attributes are referenced by name rather than 
“by sukscript which enhances readability and nodeling. FOr 
example, one can create an entity called a PACKET which has 
such attrikutes as BFEGIN.TIME and DEST.NODE. The value of 
EEGIN.TIME is referred to by BEGIN. TIME (PACKET), which is 
more réeadatle than using a muitidimensional array with 
humercus subscripts. 

Entities also may be either permanent or temporary. 
MeeeperManent Entities must be "created" at the same time 
and thus their tctal number must be known. This fact makes 
this data structure ideal for modeling the network nedeés. 
Tempcrary entities, cn the cther hand, may be created when 
needed and destroyed when ne longer needed. By destroying 
temporary entities which are no longer needed, significant 
savings in memory can be achieved. Messages, therefore, 


were modeled as temporary entities. 
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ey. § set 


tin 


Thre structuring of related data elements by means of 
sets proved to be an extremely powerful concept and ie thus 
used extensively in the model. Tirsesingle sconecept is by 
far the nest importart in understanding the development of 
the network model and provided a means to produce an “under- 
standable" simulation frogranm. 

Cne of the srajor goals of this particular research 
was to write a "driver" packet-switched communications simu- 
laticn program. This meant that the program had to function 
efficiently, be modular in structure for ease of medifica- 
tion, and above all else be conceptually understandable to 
ethers ccentinuing in this area of research. In reviewing 
eeemlaticn programs by other authors, it is .apparent that 
the use of multidimensional array data structures with their 
numercus subscripts in acdeling network activities and 
components produces frograms which are extremely difficult 
fomcOllow. One Simply beccmes lost in the indexes when 
meyong tc trace program logic. 

Peewanswer tc the problemeior this author lay in the 
use of sets. It was soon apparent that having a backcsround 


steeped in FORTRAN array structures caused inertia which had 
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to be overcome in order to find a better way of making a 
simulaticn. The resuits, though, of using the set structure 
methcd seem to have proved successful, in that ancther 
thesis student was akle to utilize this network simulation 
program as the basic structure for modeling another routing 
protocol [Ref. 24]. 

Sets are organized ccllections of entities. Sets 
are Similar to arrays in that each of the entity elements of 
which the set is composed may be identified and manipulated. 
Mewever, in contrast to the static structuring imposed on 
array e€lements, the crganization of entities in sets may be 
dynamic and changeable. An entity may own a set of ctker 
entities. In our model a LINK cwns a QUEUE in which PACKETS 
can be "filed" or "removed". . Sets can be searched tc see if 
a particular entity is currently present, and may also be 
crdered autcmatically based upon such criteria as first-in- 
meeest-Out or last-in-first-out. A final comment concerning 
sets is that the number of entities in a set at any time is 
contained in a program variable. Pqetke previous case, the 
Number cf EACKETS in the QUEUE would be N.QUEUE. This 
feature was used extensively in gathering statistical infor- 


Maticn during a simulation run. 
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- Statistical Analysis 


Gad 


{Ike principal outputs of Simulation experiments are 
statistical measurements. In reviewing other simulaticn 
programs, it was neted that often-times statements were 
ecattered throughout the program to collect information with 
special summary routines written to print it out at the end. 
Aside from being tedious and time-consuming to produce, 
these data collecticn and analysis statements clutter the 
@perating legic cf a frogran. 

However, SUMS CRIPT Tied has two statements, 
BEGUMULATE and TALLY which virtually eliminate this kind of 
meock-keering’. ACCUMULATE was used in this program since 
it introduces time into the average, variance, and standard 
deviation calculatiors, weighting the collected observations 
by the length of time they have had each value. Ancther 
reason why array structures were avoided was because both 
these pewerful rcutines would only perform on permanent or 
temporary entities. Dusting the pinveral Check=cut sof the 
Simulaticn frogram, key statistics were obtained using both 
the ACCUMULATE procedure and written book-keeping state- 
ments. Tke results ckttained were identical. Kddswaenably, 


the program e¢xecuticn time was reduced when the built-in 





statistic gathering functions were used. As a result, all 


applicable network measurements were obtained in this 


Manner. 


C. NETWCRK COMPONENTS 


Nodes are the switching elements for the data ccmnu- 
nications network. The switching elements are specialized 
computers which kandle the many functions performed by the 
node. Cther common terms for a node include IMP (Interface 
Message Frocessors used in ARPANET), packet switch, data 
switching exchange and communication computer. 

In this model, all nodes have unique identities and 
identical capabilities. In the simulation pregram each node 
is.a permanent entity with attributes identifying its group 
and family. Micmencae owns @ List of “neighbor” ncdes ‘for 
Seen a full duplex communications link exists in its 
monk. SET. 

The clock information required for the Yen algorithn 
is mocgeled as the node's ALARM.CLOCK set which contains the 
routing algcerithm data. Each time a node receives an urdate 
from a déestinaticn nede for the first tine, the steps of the 


algorithm are performed and an update transmission is 





scheduled. To keep this infcrmation, the node creates a 
EUZZER entity THOSE attributes are the destination node of 
the update esse (CAUSE), the tentative transmission time 
cf the update (SETTING), and the current Update Transmission 
List (BUZ.LIST) which stores the identities of those nodes 
from which it has already received a particular update. 

The node maintains a XMT.RECORD which contains a 
list of update messages which it has received and subse- 
guently sent onward. When “late" update messages arrive, 
then, the node can identify them by checking the XMT.RECORD. 

Tke simulaticn may be operated using either data- 
grams or virtual circuits as the means of routing message 
packets from source tc destination node. When using virtual 
circuits, the nede rust keep track of the circuits or faths 
which packets belonging to particular messages are taking. 
This is acccmplished Ly means of a VIRT.CKT.LIST which nodes 
keep in order +o ensure that all packets of the same message 
take the same path. When virtual circuits are used in the 
Simulaticn, a route is established by the first packet of a 
méssage. Uhrs Yerati~blazer"™ packet takes the then-current 
Fest path from neodé to nede with each node creating a 


CIRCUIT fer that message. The CIRCUIT has the attributes of 
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message identificaticn number and the best path taken. All 
subsequent neGhets belonging ne the message will then take 
that path. The CIRCUIT is "broken down" (i.e. removed from 
the VIRI.CKT.LIS1I) when the last packet of the message is 
transmitted by the node. 
Fach node owns a LINK.SET which contains the set of 
LINK entities. The LINK's attributes include 
1. The identity cf the terminating node (TERM); 
2. The current link STATUS which is either BUSY sending 
Mit rac OL IDLE s 
3. The current value of tie Link »weignt  f£unct ion 
(LK.WEIGHT) ; 
It is apparent that scme of these attributes are "physical" 
in that they model actual network features such as TERM 
while cthers are "descriptive" in the sense of associating a 
Meeadgiticn or state of an entity with the entity itself (i.e. 
STATUS). The power of the entity-attribute structure is 
very apparent here. By associating the conditicn cr state 
Seean entity with the entity itself, a simple methcd of 
keeping track and thus analysing very complicated processes 


is accomrlished. 





AUSUnGMe acct esitructure to describe the link 
connectivity of a network, a eee degree of flexibility was 
added to the possible network topologies available within 
the simulaticn. The cption also exists to dynamically alter 
that tcpclogy during a simulation run in order to model such 
i rences as new nodes entering the system or the destruc- 
jm2on Of links. 

3. Queues 

In an actual isplementation of message buffer queues 
for packet-switched systems, the node itself is likely to 
have a sinale memory kuffer designated as the packet queue. 
Under this scheme, fackets awaiting transmission would be 
stored in a single memory buffer, regardless of the cutgoing 
meme selected as the best path for the packet. When an 
cutgoing link which had been busy finally became idle, scft- 
ware would be required to scan the queue for packets 
destined eOuteavelron that  ligk next. En “Shes, Somuration, 
rather than have a single packet queus for the entizre node, 
the job cf buffering packets was divided up such that each 
link had a seperate queue associated with it. he ctradectkt 
between scanning the single ncedée queue and dividing allotted 
memory space among the links is one of access time versus 


faximum kuffer capacity per link. 





Asscciating individual queues with their links was 
incorporated in the simulation primarily as a methed of 
tracking the £1ow of packets through the network. Using 
this mcdel means that when a packet arrives at a node, its 
best path is determined based upon the current routing table 
entries. The packet is then either transmitted over the 
best path link cr placed into the link's queue, depending 
upon the status of the link. In the event of a busy link 
and an already large queue, the best path for that packet 
when it finally gets tothe "top" of the queue nay have 
changed during the interval. The packet will then be sent 
to a nede which is ne longer on the best path. The prcblem 
inherent te link queves is thus one of routing packets kased 
upon infcrmation when the packet arrives and not when the 
packet is actually transmitted. Of course, when Link queues 
are generally short the possible routing errors associated 
with this problem shculd not be substantial. 

An alternate mcedel for the packet queue required at 
each node (which was not sinulated) is based upon a varia- 
tion cf tke single nede queue. A#hen a packet arrives at a 
node, its best path is determined based upon current routing 


information and if the selected link is busy, the packe: is 
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placed in the single node queue. When the packet is placed 
into the gueue, it is not assigned a best path trak, but is 
merely placed in the queue in pet ner stout Order. At 
come later time, the link to node J becomes idle. The soft- 
ware will then scan the queve for the first packet whose 
Best Fath, according to the current routing table for its 
destination, is indeed the link to node J. Using this 
system, all packets within the queue are going to be routed 
brased upen the "freshest" best path information available at 
the time a link becomes idle. By not Freezing the best path 
which a gueved packet must take at the time the packet 
arrives, we ensure that all packets will take the best path 
Gomtheir destination at the time of transmission. 

Fach link also has an update queue which is used in 
mae, camulaticn to. model the priority status given to routing 
Meatfic. Gencectually, the update queue appears at the 
"sop" of the packet queue. Updates, then, are sent before 
regular message traffic when beth the update and the message 
packet queues of the link contain traffic. This dcuble 
gGueue system also previded a convenient way to model the 
insertion of update fackets inte ongoing message packets by 


means of the reserved pattern method. 





4. Messages 
Tte simulaticn generated messages which consisted o£ 
a randem number of packets based upon a selected length 
distribution. The distributions used were uniform (the 
maximum message length was selectable), and geometric (in 
which tke average number of packets per message was picked). 


Fach message PACKET contained a number of physical and 


descriptive attributes. The physical attributes included 
such things as the criginator (ORG.NODE), the destination 
(DEST.NOLE) and the message BGent 2 £ecae Len number 


(MSG.ID.NUM). The descriptive attributes were used specifi- 
cally fer gathering statistics about the packet's trip 
through the network. When a packet was generated, ies 
LIFETIME was set ALIVE (equal to 1) and upon reaching the 
destination, the LIFETIME became DEAD (equal to 0). In this 
way the average packet transit tine was determined by aver- 
aging the sum of all packet LIFETIME's using the ACCUMULATE 


procedure. In the same manner, the average time that 


) 


Facket was queued during its trip was found by setting QSTAT 
NMALIVE' whenever the packet entered a link queues. Upon 


removal from the queue, QSTAT was pronounced DEAD. 





The packet attributes of P.NAME and P.ARRIVAL are 
used in erder that the arrival time of a message packet in 
transit can be modified in the event that an update packet 
is inserted. In order that message packets in transit not 
ke in a limbo state as far as the simulation program ae 
concerned, a "propagation queue" (PROP.QUEUE) was develcped. 
When packets were transmitted they were filed into the 
link's FROF.QUEUE and upon arrival to the next node, removed 
therefrom. This was required in order +o keep accurate 
track of the identity of all messages in transit. The 
informaticn contained in P. NAME and P.ARRIVAL bas ata ted to 
the name and scheduled cccurence time of the event ccrre- 
sponding to the arrival of that packet. In this way, if an 
update was inserted, the scheduled arrival time of the 
racket could be lengthened accordingly. The details 
involving hcw the carcelling and rescheduling of the pack- 
et's arrival is accomplished is included in the progran. 

The length of the packet was described in terms of 
the time required to transmit a packet over one link. This 
time was selected by using a channel capacity of 20,000 bits 
Petmecccnd per link and a packet size of 1000 bits. The 


packet tranSmisSion time was then 
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EKT.XMN.TIME 1000 bits / 20,000 bps 


0.05 seconds . 


Recuting information was disseminated among nodes by 
means of UFLDATE packets. The attributes of an UPDATE iden- 
tified the destinaticn as being either a node, group or 
family (CLASS) and whether or not the update was "regular" 
cr "warning" (VARIETY). A regular update is the simple 
message described in the Yen algorithn. The warning update 
is used in the hierarchical version to enable nodes ofa 
group or family to transmit their unit update message at the 
Same time (FIRING.TIME). 

Tre update also had an additional sone: which 
indicated the number of heps which it had taken. Paws 
counter was employed in anticipation of a problem which can 
cccur when hierarchical routing is utilized. Nodes residing 
cn or near wunit borders can have neighbors which, though 
guite clicse, are located in different units. Routing infer- 
maticn tc these close neighbors would normally be in terms 
of the best path to the unit, rather than to the specific 
node itself. Thus unit (vice nodal) routing information may 


result in much longer paths being taken between nodes that 
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are very close to each other oar Benkeng tO Gitferen: units. 
A more Pe cdent routing. should be achieved by having nodes 
maintain routing information cn close neighbors, tregardiess 
cf the unit boudariés. The proposed method on how this 
“thoundary" routing information can be developed utilizes 
mis hcp counter. 

By examining the HCP.COUNT of "node" updates which 
are received, precise routing information to "close" neéigh- 
tors cutside of the the basic unit can be developed. when 
this technique was used, the user parameter HOP.LIMIT was 
set to indicate the "depth" at which node updates were 
allowed tc travel inte groups Or families which were not 4 
Meee ct their basic group. Therefore, whenever a node 
Meeetved Such an update from outside of its basic group the 
HOP.CCUNT weuld first te checked. If the packet had trav- 
éled cver tke specified HOP.LIMIT, then the update would be 
ignored. ates however, the HCP.COUNT was within the limit 
then the nrermal urdate procedure would SreraneGer The 
recéiving node would now possess special routing infecrmation 
Bema neightoring node which was not in its grour. fe has 
ability tc maintain routing information to all close 


neightor nodes regardless of their unit assignment should 
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assist in the total perfcrmance of the network. The 
tenefits from this technique are expected to exceed the 
small routing table increments required to maintain these 
entries. 

The size of the update message was selected to be 
relatively short, in keeping with the simple information 
which it contains. For an update packet of length 40 bits 
the correspending transmission time was 


U.XMN.TIME = 40 bits / 20,000 bps 
0.00125 seconds . 


Update packets were given priority over regular message 
traffic through the use of the insertion technique anda 
separate update queue. The insertion technique allowed 
updates tc be transmitted when nessage traffic was already 
mee ccansit. However, updates were not allowed to he 
inserted into other updates. If a link was busy sending an 
update packet then additional update pacKxets would te placed 
in Bieencdate queue. UEen coapletion of transmission, all 
Waiting update packets would be sent before message traffic 


was resumed. 
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D. NETWCRK OPERATION 

The transmission cf message packets between nodes, the 
firing of an update packet at the precise time and all the 
cther netwerk activities required for the simulation were 


modeled by SIMSCRIPT "events"... Events are routines which 


are scheculed to take place during a simulation. An 
miptializing program called "Main", schedules events to 
cccur, and during the course of the simulation, either 


events or subroutines can schedule more events. 

The sequencing cf events within the simulation is 
contrclled by a simulation clock and an event queue. At any 
given mcnrent during a run, the event queue contains the name 
ef all scheduled events with their order in the queue depen- 
dent upon their scheduled time of occurence. The aan * 
program icads the event queue with the scheduled starting 
events. at "Start Simulation" the first event scheduled 
(which is at the head of the event queus) is executed. This 
event may in turn schedule cther events to take place cither 
NOW (next in the event queue) or at some future time. The 
Simulaticn stops when no further events are in the event 


queue, whereupon control passes back +o the Main progran. 
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In keeping with the initial design goal of a modular- 
ized, adaptable prcgram which can be used in future 
research, all routines and events were written such that 


they were a part of cne of the following four divisions: 


1. Preparaticn Pricr to Simulation {P) 
2. Update Routing Protocol (U) 
3. Message Packet Transrfort (M) 


G4. Evaluation of Network Performance (E) 
The single letter at the beginning of each name was used in 
the ccmputer program to indicate the division for each 
routine and event (i.e. PZ. COLLSC?T. DATA 2S" an Evaluation 
routine). The number after the letter designator indicates 
their relative order cf appearance in the program. Routines 
and events within ‘the same division are basically indepen- 
dent cf these in the cther divisions. This means that modi- 
fications and alterations within auecivasioOn., will not 
directly effect "outside" routines. Descriptions of each 
routine and event are provided in the program comments which 
detail tke function and operation of each routine. In addi- 
tion an alphabetic summary of all global variables is 


provided at the beginning of the progran. The purpese of 


this section is not tc repeat those details but to give an 





cverview of the network operation and some insight intc the 
ever present question as tc why the simulation was written 
the way it was. It is hoped that through understanding 
"why" things were done as they were, follow on work can nove 
forward rather than needing to reinvent the wheel. 


1. Preparation Erior to Simulation 





Tre seven routines which make up this divisicn are: 

JZ F1.BUILD.NETWORK 

Dee EZeeenNGE Gr. LINKS 

Bi. Eoelny) DAL. RCULING. TABLE 

qa. F4.STATIC. EVENTS 

D.. SS. DYNAMHE. EVENTS 

S. F6.FURGE.EVENT.QUEUE 

a. EVeaGCeROUZE. SELLS 
Mies Givisicn performs all initializing functions which are 
Beammated Prior to tke start of a simulation run. These 
functions can be broken down into three areas which are the 
construction of the network, the loading of the event queue 
with the starting events, and the "cleaning of the slate" 
Memos to the start of the next run of a multiple run 


Simulaticn. 
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The network is built using two routines which divide 
the task inte two eater se The first routine, BUILD. NETWORK, 
takes the input data which lists the nodes and their group 
and family relationships and produces the program node idén- 
tity mnumkers which are used inthe simulation. These 
program nede numbers are a single value which uniquely iden- 
tifies a node, which otherwise would require a three part 
name. After creating the nodes, the link connectivity is 
produced using CCNNECT.LINKS. In this routine duplex links 
are constructed between sane node pairs. Upon comple- 
tion each node has its own LINK.SET which contains the iden- 
merey of the terminating node. By “USing “sets Eors) this 
porticn cf the model, the ability to produce dynamic changes 
in the link connectivity of a system can be done simply.by 
adding or deleting LINKs from the LINK.SET. 

As an additional feature, a graphics routine was 
Written which incorperated the same data set used in these 
wo routines. The network figures in this report were 
Froduced frem this routine. In this way, a visual confirma- 
tion could re made of all test networks as to their topclogy 


to ensure their correctness prior to Simulation. 
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Cne of the problems Races tea fi this simulation 
was that of producing an initial best path routing table 
prior to the start of the simulation. Rather than produce a 
routing tatle by some external means or Simply assigning a 
randomly cenerated table, an alternate approach was used. 
Since tke Update Routing Protocol routines could operate 
independently of the Message Packet Transport, the solution 
was Simply to run the Simulation without message traffic and 
with only one update rer destination node, group or family. 
With all link weights set to unity, a least hop routing 
table was produced by INITIAL.ROUTING.TABLE. The resulting 
table was stored in a BEST. PATH matrix. As a time saver, an 
additional copy of this table was made (DUP.BEST.PATH) for 
use with multiple simulation runs. 

Tke event queve was loaded with CLC STALTIGZEVENTS 
Smee NAMIC EVENTS. Osing STATIC. EVENTS, the initial routing 
table was fixed throughout the simulation by simply not 
scheduling any events from the Update Routing Protocol divi- 
Sion to take place. On he other hand, when the sinulation 
Wes Tun using the dyramic reuting algorithm, events from the 


Update division were loaded in the event queue. 
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Ic stop a simulation after a given period cf tine, 
the event queue is emptied using PURGE.EVENT. QUEUE. Upon 
Sempletion cf this, all statistic gathering routines and 
dynamic set structures were cleared with ZEROIZE.SETS. To 
ensure the repeatability of simulation runs an added precau- 
tion was taken with all of the system random number genera- 
tors uséd in the prcegram. These were reset with their 
étarting “seed" values in order to ensure that sultirfle 
Simulaticns would have identical inputs. 

z- Update Routing Protocol 

The connecticn betwéen the Message Packet Transport 
division and the Update Routing Protocol division is the 
Meare. FATH réuting takle. Events and routines within the 
Update divison are responsible for producing and maintaining 
this table. In this research the Yen algorithm is simulated 
Seenin this division using a total of eight events and 
routines: 

1. UV.GENERATE.UFCATE (EVENT) 
fe «CU Z.LTRANSMIT.UFDATE (ROUTINE) 
eee USZ.INSERT.UPDATE (ROOTINE) 


4. U4.RECEIVE.UPIATE (EVENT) 


5- US.~LINK.WEIGHT.CALCU LATION (EVENT) 
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6. C6.NCDE.WAKE.UE (EVENT) 

7. jU7.UNIT.FIRING (EVENT) 

were Us ERASE. RECORD (EVENT) 
The starting event used by the Yen algorithm is 
CENERATE.UOPDATE which is scheduled for each node, group and 
family at the beginning of the simulation. During the 
course of the simulaticn each node will continue te generate 
its own destination update at regular time intervals. Tn 
the case cf the hierarchical version, a “léader" node is 
selected in each unit which then generates the unit warning 
message at regular intervals. The time interval between 
node, qrcup and family update messages are all user parame- 
ters which may be independently selected. 

Tre updates are then transmitted to neighbor nodes 
ty means of the TRANSMIT.UPDATE routine. This routine 
BerLrorms the critical function of ensuring that the effects 
cf update traffic inserted within the bit stream of a propa- 
gating message packet is properly modeled. The routine is 
able to handle the transmission of an update differently 
Fased on tke three fessible circumstances by which a link 


may be busy: 
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1. Régular messace traffic is being transmitted with no 
"inserted" updates presently in transit; 
Pee Urcate traffic is in transit which has nact irr 
"inserted" inte a regular message packét; 
Bee “inserted™ update traffic is currently in transit 
within a regular message packet's bit stream. 
In cases (1) and (3), the message packet in transit has to 
be "lengtkened" to account for the additional update which 
has been inserted Lhe its bit stream. Rcutine 
INSERT.UFDATE readjusts the message arrival tine when an 
update is inserted into a message packet. 

Upon reception oe an update, the event 
MeebtVE,UEDATE performs the basic calculation of the Yen 
algorithm. The update is determined to be either "Regular" 
Memewarhing" with appropriate action taken. In the case of 
a regular update, the value of the link weight is calculated 
and the time of transmission calculated in accordance with 
mere Yen algcrithn. 

The user has the option of selecting one cf the five 
Tink weight functions presented in the last chapter. ieee 
link weight function is chosen which uses a window technique 


Beemerect nod > did), a LINK.WEIGHT.CALCULATION is perferned 


130 





each “windcew" of time mane che samulacwon. The length 
of time for a window and the number of windows in a total 
averaging period are user controlled parameters. During a 
LINK. WEIGHT.CALCULATICN, each link in the network would have 
a WEIGHT ccmputed for the window tim2 which is filed into 
the link'ts SET.OF.WEIGHTS. The number of WEIGHTS in the set 
is limited to the number of windows selected and therefcre 
as a new WEIGHT is filed, the oldest WEIGHT is removed. 
This process provides a closé approximation to a continu- 
ouSly sliding window. Hiponma=ecepe won OF a update, the 
average cf the link weight function is computed by taking 
the average of all WEIGHTs in the SET.OF.WEIGHTs. 

Upon completicn of these calculations the nede 
schedules itself to "wake uf" (NODE.WAKE.UP) when the best 
Feth time of tied seen iS .Ooccu:. Thas is accomplished 
ky creating a BUZZER which has attributes identifying the 
Meaate ty its criginating ncede (CAUSE) and the time of 
@egin (EUZ.BEG). The BUZZER also contains the eave 
time of update transnission (SETTING), the associated best 
Pacem node (TEMP. BP) and the name of the NODE.WAKE.UP event 


which had keen scheduled (BUZ.WAKE). 
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This last item was critical to the operation of the 
program. In order to change the time of update WEE esis. Stl abepel 
in case a "“bketter"™ reute occurs, the previously scheduled 
NODE. WAKE.UE avent has to be cancelled and then rescheduled. 
femotder to cancel a specific event residing in the event 
queue, it was required to have a specific "“rame", The act 
cf giving an event a name and then storing that name as an 
attrikute of the entity invelved with that event was used 
throughout this sisulation. In any truly dynamic and 
distributed Simulaticn such as this one, the abi iiey to 
properly cancel and reschedule events whose time cf cccu- 
rence are subject tc change was critical to its successful 
cperation. 

The identity cf the neighbor noda (BUZ.NODE) from 
which the update was received is also maintained in a set 
feu2.L1ST) which is cwned by the BUZZER. This is similar to 
Smee Update Transmissicn List cf the algorithm, but instead 
cf deleting the nodes, this technique adds the nodes. When 
cther upcates arrive, the ALARM.CLOCK is first checked to 
see if there already exists a BUZZER on this particular 
update. Ifone is found, then the new tine "setting" is 


compared to the frevicus BUZZER. If the previous setting is 
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still better, no further action is taken except that the 
identity cf the node te added to the BUZ.LIST. If the new 
setting is better, then the BUZZER is reset and the 
NODE. WAKE.UF event rescheduled to the new time. Upon waking 
up, the ncde transmits the update to all nodes which are not 
listed in the BUZ.LIST. 

When uSing tke hierarchical version, the update 
received can be of a warning nature. USOne= = reCeptclon Of a 
warning message, the node retransmits the warning using a 
flooding technique and then schedules its own unit update 
transmission using the event UNIT. FIRING. The event 
ONIT.FIRING is scheduled at the firing time of a regular 
group and family update message. The events UNIT.FIRING and 
NODE.WAKE.UEF are» similar in function except the latter 
referee tc tke unit update transmissions. 


The node alsc maintains a record of all update 


tetransmisSions which is kept in the XMT.RECORD. ing 2 nas 
way, "late" updates arriving at a node can be identifed and 
ignored. In order that this record not become excessively 


long, the event ERASE.RECORD is scheduled for each reccrd 
after a set time interval. Upon execution, the cutdated 


record is removed frem the XMT.RECORD and destroyed. 
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3. Sessage Facket Transport 
| Tke two events falling into this categcry are 
involved with the generation, transmission and reception cf 
message traffic within the network: 
1. M1-GENERATE.MESSAGE (EVENT) 
2- MZ~RECEIVE.MESSAGE.PACKET (EVENT) 

Event GENERATE.MESSAGE.PACKET produces new message 
traffic for the netwerk. The traffic intensity (FPS.AVE) 
and the number of packets per message (AVE. PPM) are beth 
contrcellatle EC: Simulation parameters. This event 


cccurs each time a new message? is generated. The average 


time retween consecutive messages is then 
MSG. .GENERATICN.INTERVAL = AVE.PPM / PPS.AVE 


A Pciss¢r arrival distributicn was assumed and therefore 
this intervel was used as the exponential interarrival time 
average réetween messages. 

Fackets were transmitted or queued depending ufon 
ome) link status. A BECEIVE.MESSAGe. PACKET event was sched- 
uled to cccur PKT.XMN.TIME seconds after a packet was trans- 
mitted. This arrival time was subject, however, £0 
Variaticn due to the possible insertion of an UPDATE into 


the simulated "bit stream" cf the propagating packet. 
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Tke selection - the source and destinaticn nodes 
for each message was usually done using a uniform distribu- 
tion so that all node pairs were equally likely. Provisions 
were made, though, so that the simulation could be run using 
unbalanced traffic distributions. Under these conditions, 
selected scurce-destination nede pairs were chosen to 
Beoauce non-unifcrm distributions of traffic. 

4. Evaluation of Network Performance 

The Evaluaticn routines and events collect and 
output all parameters which change for multiple runs and the 
accumulated statistical measurements. The seven routines 
and events are as follews: 

ie EV.TRANSTENT. ELANKING (EVENT) 

me b2-COLLECT. DATA (EVENT) 

eee Soe PARAMETSRS LISTING (RCUTINE) 

G4. EWG.NETWORK. PEFFORMANCE. REPORT (EVENT) 
meme Do HDES.. PATH. BCUTING .TAELE (ROUTINE) 
oye EG.LINK.WEIGHT.MATRIX (ROUTINE) 

fee BV TRAY FIC. DISTRIBUTION (ROUTINE) 

FARAMETER.LLISTING provides the values assigned by 
the user tc all pregram parameters which do not change 


during the course cf multiple simulation runs. This 
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mieorfaticn is outputted prior to the start of the first 
simulation. During the simulation itself, the event 
COLLECT.LATA samples the status of the network at times 
which are controlled by the user. Under normal conditions, 
a particular number cf samples is selected which then cccur 
at regular intervals throughout the run. ff 100 SAMPLES are 
selected fera 10 second run then the interval between 
consecutive samples weuld be 0.1 seconds. COLBEG USD AT A 
takes measurements on the following items: 

1. The total number of packets in the network. 

2. The mean link utilization of the network. 

3. The mean time it takes for a packet to complete its 

ED 

4. The mean gueue size of the network. 

5. Tke mean time per hop of each packet. 

Collected data is stored in external memory and «hen 
retrieved cy graphical rcutines. nie Oo lOmdcd results 
enabled the status of the nétwork to be analyzed as a func- 
tion cf simulation time and many examples of the results 
appear herein. 

Csed in conjunction with DATA.COLLECTION was the 


event TRANSIENT. ELANKING. Its purpose was to remove the 
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effects which the "start-up" behavior of the simulation had 
upon the statistics gathering routines. At the beginning of. 
each simulation run, the eee: performance statistics 
displayed transient behavior which tapidly settled as 
traffic "filled" the network and the update process began to 
function. Being interested aa ine Steady state conditicn of 
the netwerk, the statistics taken during this period were 
removed by TRANSIENT.BLANKING which reset all statistical 
gatherine reutines. TRANSIENT.BLANKING for the simulation 
runs occurred five seconds after eye. Start of the 
emu laticn. 

The NETWORK.EERFORMANCE.REPORT gives é detailed 
Summary cf statistics on link utilization, message -and 
update queues, and message packet fELOS. The 
Pots PATH.ROUTING. TABIE and the LINK.WEIGHT.MATRIX give the 
current status c& thelr respective quantities in matrix 
format. Lastly, the TRAFFIC.DISTRIBUTION summarizes the 
number of packets generated bétween each source-destination 
moae Cair, the number of packets completing their trips 
between the same and the average trip time for these 
packets. This routine is quite useful when analyzing the 


netwerk performance using unbalanced traffic distributicns. 
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5. Example Update Sequence 

fable IV gives the simulation results for the same 
sanple network used previously in Chapter II, Pagure 3.1. 
The varicus events are described in the order of their time 
of occurrence during the update sequence of the single 
destinaticn node. The results coincide exactly with these 
ebtained previously when the steps of the algorithm were 
worked through by hand. The table consists of the actual 
cutput statements which were produced during the simulation 


Tune 


exe: 
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| TABLE IV 


Simulation Best Path Results 


TIME (NODE): EVENT DESCRIPTION 
0. ( 1) : NODE UPDATE ORIGINATED. 
SENT TO THE FOLLOWING NODES: 
2 
3 


1 UPDATE GENERATED SO FAR. 


0. ( 2) : saNEW ALARM CLOCKss-- UPDATE! 1, O. ) FROM NODE 1. 
SETTING T0 GO OFF AT 2.0000. 


0. ( 3) : saNEW ALARM CLOCKaa-- UPDATE( 1, O. ) FROM NODE 1. 
SETTING T6 GO OFF AT 4.DODD. 


2.0000 ( 2) : assWAKE UP SQUNDEDas -- UPDATE( 1, OQ. ) 
BEST PATH FROM 2 19 1 IS 1. 
UPDATE SENT TO S) 
UPDATE SENT 19 4 


2.0D0C ( 3) : ALARM CLOCK RESET - UPDATE( 1, OD. ) FROM NODE e. 
NOW SET 10 GO OFF AT 3.DD00D. 


2.D0D0D ( 4) : saNEW ALARM CLOCKaa-- UPDATE( 1, O. )} FROM NODE e. 
SETTING TO GO GFF AT 5.0000. 


3.0000 ( 3) : sa#WAKE UP SOUNDEDss -- UPDATE( 1, O. ) 
BEST PATH FROM 3 19 1 is 2. 
UPDATE SENT 19 4 


3.0000 ( 4) : ALSRM CLOCK RESET - UPDATE! 1, O. ) FROM NODE 3. 
NOW SET TO GO OFF AT 4.0000. 
az RETRANSMISSION OF UPDATE NOT NEEDED #2 
BEST PATH FROM 4 1790 eS 3. 
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RRUAAR BEST PATHS SRRUAS 
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V. SIMULATION RESULTS 


Simulating the Yen routing algorithn in a packet- 
ewitched communicaticns network was the focus of this 
research. The first phase of the study dealt with deter- 
Mining a link weight function which provided an viable esti- 
mate cf the state cf the network. When this particular 
function was used in conjunction with the Yen algorithm, a 
Mery efficient traffic routing procedure occurred fer a 
variety cf network ccnditions. The testing of the algcrithn 
using this link weight function comprised the second rhase 
of the Simulation work. Here the algorithm was subjected to 
a Seititude Sbpdinccrene CONGat2On= in Order to theroughly 
test its cperating ckaracteristics and evaluate its perforna- 
ace « The last phase of the simulaticn involved repeating 
the process of phase two uSing the hierarchical versicn of 
the Yen algorithm which was developed in the last charter. 
Compariscns could then be made between both the "nedal" or 


kasic algcrithm and the hierarchical version. 
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A. MSEASUBING ALGORITHM PER FORMANCE 

In seeking to détermine the performance of the algo- 
rithm, statistics were chosen which related to the number of 
packets within the network at any given time. The reasoning 
behind this is related in part to the analytical techniques 
presented in Chapter IV which are useful in validating the 
simulaticn model itself. Both Little's Result and the 
Follaczek-Khinchin fcermula can give answers for the average 
number of packets within a network when the traffic distri- 
butions are known. Therefore by using those particular 
statistics, a means cf validating the Simulation ae 
femecesting the algorithm was possible. The second reascn is 
due tc tke nature cf the simulation "run" itself and how 
statistics are ccllected and evaluated within the pregran. 

Perhaps a more fariliar measurement used in performance 
evaluaticn of an algcrithm is the mean packet delay and not 
the mean number of packets within the network. inmee etc 
Result intimately relates these two statistics and +herefore 
mre, choice may not appear too critical. This is indeed the 
case under most ccnditions of performance evaluaticn. 
However, the lesser used quantity was chosen in «his pregranm 
for a reascn which can best be seen by showing how statis- 


tics were gathered during a simulation run. 
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hte any moment during a simulation run the number of 

message packets generated, in transit and having completed 
their trips can te described as: 

“1. #%X packets have been generated. 

2. Y packets have completed their trip from source to 

destinaticn. 

3. X - Y packets are currently in the network. 
The mean packet delay of all Y packets can be computed. 
Fowever, this does net take into account those X - Y packets 
Bach are still in transit. One could, of course, approxi- 
mate their delay based ufon scme Seneuee but this may not be 
valid under some very important conditions. HE fOr any 
reason tke routing aloorithm ‘fails and congestion develors, 
it is pessible that the mean delay of packets which have 
Sempleted their trip will not change to reflect the current 
Slow down very rapidly. Hewever, if the number of packets 
in the system at a given time were used as the index, this 
conditicn cculd readily be noted. The mean packet delay was 
not used Fecause at any moment during a simulation run, this 
factcr accounts only for those packéts which have ccmrileted 
Meyers trirt and net fer ones which are currently in transit. 


By using the number of packets in the system at any given 
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time, the performance of the rceuting algorithm could accu- 
rately be determined. The better the algorithm performed, 
the fewer the number of packets in transit at any given 


time. 


Be TEST NETWORK 

The tcpclogy of the network used is given in Figure 5.1. 
The netwerk has thirteen nodes and thirty full duplex links. 
In descriting the characteristics of the network some terms 
familiar in qaph thecry are first defined. 

A complete graph exists when all nodes are connected to 
meee Other nedes by eadirect link. All properties cf a 
complete graph are specified simply by indicating the number 
cf nodes. A test network was chosen deliberately which was 
not ccmrlete in order that tnere would be multiple hep raths 
ketween scmée node pairs. 

To indicate the relative "connectiveness" of a given 
Graph, tke link connectivity and node connectivity cf a 
graph as a whole is specified. Picea nkeeconnectivity 
retween two nodes is the minimum number of links that must 
ke removed from the graph *o disconnect them. The Pink 
connectivity of the graph as a whole is the minimum of the 
link connectivity of all pairs of nodes. For a complete 


Me=mode graph, the link connectivity is N - 1. 
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Figure 5.1 Test Network for Nodal Yen Algorithm 


Aelogous to the link connectivity between nodes, the 
node connectivity is the minimum number of other nodes whcese 
removal will disconnect the twe nodes. The node connec- 
tivity of the graph is the minimum taken over all nede 
pairs. Since all nodes are directly connected in a complete 


Memoage graph, its node connectivity is defined to be N - 1. 
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By inspection, it is found that the test network has a 
mink Becemieity OG edie This can be seen between nodes 1 
and 13 which are ccmpletely seperated by the removal BE 
links (1,2), (1,3), (tt,4) and (1,5). The node connectivity 
is also 4 which can fre seen by the isolation of node 2 by 
removing nodes 1, 3, 6 and 9. As a comparison, had this 13 
node netwerk been linked differently such that 1t formed a 
complete graph, both its link and node connectivities would 
have keen 12. The difference between 12 and 4 gives an 
indicaticn that this test network is lightly connected and 
that most paths between node pairs will involve multifle 


hops. 


C. STATIC ROUTING RESULTS 

The simulation fregram was first run using a fixed 
routing table. This initial routing table was determined by 
applying the Yen aigcrithm with all dlink weights set te the 
same value cf 1. In this manner the best paths were these 
which required the fewest heps. The routing table which was 
Peoauced i¢ included in Table V. Mis (part itcular result .is 
in no way unique as there are numerous paths between node 
pairs, all requiring the same number of hops. The selection 
ef this specific table was net, however, Cextbical te the 


results cktained. 
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TABLE V 
Least Hop Routing Table 
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The simulation program automatically determines the 
least hep routing table without the designer having to 
Mie colaiize this gatrix. This is accomplished by running the 
Simulation without message packet traffic for a comrlete 
update cycle. The update cycle consists of each node, group 


and family originating its own destination update and is 


completed when no further update retransmissicns are 
produced. Upen cogpletion, each node has a best path 
routing table. This table is saved within the simulation 


program and utilized at the beginning of subsequent runs 


involving mneéssage traffic. 
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Eiring Statac crcuting, 
for the simulation run. 
levels 


meccrerent traffic 


message packets were 


nodes were selected ina 


possible pairing had the 
Fach message was fixed to 
Simulation run for a period 


presents the summary Ct. tne 


generated. 


this least hop table was fixed 


Multiple runs were performed using 


by varying the rate at which 


Source and destination 


uniform fashion such that each 


Same probability of selecticn. 


a length of one packet and the 


Cf eit yeseconas. Fugue 5.2 


network performance. 


The results indicate that the network had becene 
"unstable" when the packet generation rate was 300 packets 
per seccnd. The terms stable and unstable are used to 
describe tke general state of traffic flow within the 
network. Given an unchanging rate of packets entering a 
system, a stable netwerk will, after some transient start-up 
behavior, settle to a relatively constant number of packets 


mie transit. 


m7 transit will remain 


at , hcewever, 


rackets in transit weuld 


mies “bicwing up can be 


In other words, 
Stable during 


the retwork 


the average number of packets 


£nessinvulation run. 


were unstable, the number of 
GCntinus stow uncrEease wit +ime. 
caused from links beécominry] satu- 


rated and thus the packets entering the system no longer are 


able tec leave at a steady rate. 
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PACKETS IN TRANSIT VS. TIME 
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Figure 5.2 Static Routing Results 
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TABLE VI 
Simulation Validaticn using Little's Result 


Simulation Little's 
r Tk E (n) E (n) 
(pkts/sec) (s 6c) (pkTs) (PkEs) 
100 C.01010 10.306 10.100 
z00 0.12108 24.250 24.216 


—— 


ie, den ae SE eee 


| 
| 


Fer tke lower levels of traffic intensity in which the 
MeewoOrk was stable, Littie*s Result was used to verify the 
cperation cf the model itself. Table VI gives a comparison 
cf results obtained from the simulation run and using 
Little's Result in which the close agreement between both 


can be seen. 


De. DYNAMIC ROUTING EESULTS 

During the dynamic routing test phase, those parameters 
which wculd effect tke Yen algorithm performance sone erected 
identified. The next step was to isolate one parameter ata 
time and ry varying that value, establish its contribution 
Bomehe algorithn. Finally, after arriving at a “working" 
set of parameters which provided acceptable performance, the 
network was apace to a wide range of situations in crder 


fom thorcughly test its capabilities. Of particular 
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interest, was the algorithm's ability to handle wide ranges 
cf traffic intensities, unbalanced traffic distributions, © 
and timing errors due to queued updates and clock 
inaccuracies. 

The primary parameters affecting the operation of the 
yen algorithm are 

1. Methcd of determining the Link Weights 

2. Frequency of Update Generation 
These peints are not unique toe this algorithm but are actu- 
ally ccmmcn to all implementations of distributed routing 
algoritht#s. 

The cbject of this section was +o develop a system of 
setting link weights which would minimize the average number 
of packets in the peek In doing so the mean packet 
delay and the average link queue size sheuld alsc bé 
minimized. 


1. Determining t 


Determin in i¢ Link Weight Function 

Frevious research conducted at NPS has used a 
variety cf methods fcr determining link weights. One scheme 
presented Ey Heritsch [Ref. 19] derived the weight by taking 
the average queue size over a period of time. Ancther 


methed used by Tritchlier (Ref. 27] was incorporated within a 
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Jime Civision Multiple Access packet radio environment. In 
this case the links were provided by radio aco TeMSS nome. 
The weight of a link was chosen to be a function of both the 
attenuaticn cf the radio link and the number of time "slots" 
reing used cn the lirk. 

Ir minimizing the average number of packets within 
the systen, we first investigated weighting methods which 
were related to the queue size of a link. This method 
appeared attractive due to its simplicity of implementation 
and the direct relationshif between queue size and packet 
delay. 

In all a total of five different link functions were 
eventually developed and tested. They were produced Spee 
progressive fashion with the final method proving to be 
Praniticantly better than the other four. In understanding © 
the characteristics cf each method and the rational which 
led tc Method 5, the simplest of the link weight EuneStLens 
Wili te explained first. 

a. Method 1: Queue-Size-Now 

Method 1 assigns the weight to a link based ufon 
the number of packets which are in the link queue at the 


Pemey CL updating. This method is referred to in the prcegran 


as BY.QSIZE.NOW. The link function is given simply as 


oq 






W(I,J) = Q(I,d) if 


Siere W(Il,J) is the weight cf link (I,J) and Q(I,J) is the 
size of link queve at the moment of updating. The sisula- 
tion was run and the results are given in Figure 5.3. The 
results indicate that even with the higher levels of traffic 
intensity that the network was still stable. However, as 
shown in Figure 5.4, the average link utilization was 
approaching Saturaticr for these high levels. This high 
Bevwlizdaticn was due, in part, to packets taking mere hops 
per trip than may be cptimal. This is caused by the acai 
in which the link function determines the link weight. 

Since tke link weight function us¢s only thse 
gueue-size-now, the best paths which the Yen algorithn 
arrive at are those which avoid large queues. Pheserere a 
racket may take a leng trip through the network in its 
attempt tc avoid high cost trips. These longer trips trans- 
late intc higher lirk utilizations than would be obtained 
through a least hop scheme. By minimizing queue size, «he 
average numrer cf hefps per packet trip increases and thus 
the link utilization increases. 

Method 1 is sensitive only to what is happening 


in the network at the present moment. The next two methcds 
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Figure 5.4 Method 1? Link Utilization 
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were develcped to see if taking into account the past 
conditicn of the lirk queue would favorably effect the 
rerformance. | 
Ek. Methods Z and 3: Queue Size Averaging 

“Methods 2 and 3 were developed to reduce the 
high utilization which appeared to be caused by link weights 
omech were changing too rapidly in Method 1. Instead of 
looking just at the gueve size at the time of updating, the 
average queve size cver a past time interval was observed. 
By using an averaging scheme, it was felt that the best 
paths would not fluctuate as quickly and thus excessively 
long trips would he reduced. Both methods incorporated a 
Sliding window téchnique over which the average queue size 
was evaluated (Figure 5.5). In each method'a "sub-weight" 
was Calculated fcr every window used in the entire pericd. 
The time duration of each window and the number cf totai 
Windcws used were both parameters in the simulation. The 
link weicht was computed as the average of the suk-weight 
values. Metnods 2 and 3 only differed inthe manner in 
which tke sut-weights were determined. Method 2 calculated 
the sub-weichts as keing the gueue size at the start of the 


time window. Piawoeieened IS 5LeferEed tO in the prcgran as 
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Figure 5.5 Windewing Technique 


mera St. CSIZE. Method 3 determines sub-weights as the 
average gueue Size for the time window and is referred +o as 
ProPAST.CAVG in the frogran. The results for simulation 
runs using Methods 2 and 3 are given in Figures 5.6 through 
5.9 

Both methcds were unstablea at moderate traffic 
irtensities. It was found that as window Size and the 
number of windows increased, the network performance deteri- 
orated. The use of past average queue size does not appear 
to ke a tseful indication cf the status of the network for 


use in best path determination. 
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Figure 5.7 Method 2 Link Utilization 
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Figure 5.8 Method 3 Results 
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Figure 5.9 Method 3 Link Utilization 
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c. Methed 4: Link Utilization 

A@eenecercint, due to the Lack of success from 
the queue averaging ces. a link weight function was 
selected which would relate directly to the utilizaticn of 
the link. Method 1, though stable, produced very high 
feta Zation. By ree criterion for minimization ktased 
upon link utilization it was heped that stable performance 
could be achieved. 


The Utalizatwon rector of a link is the ratic 


sta : Busy Time 
Utilizaticn =  c----- sen e- eee ee ----- 
Busy Time + Idle Tine 


and is therefore a number between 0 (no traffic on link) and 
ereontinuous traffic on link). imkecalbacatsion) -fCr an 
M/M/1 queue system is also related to the average queue size 


by 


pale § 
5 Aan ee “v's 


where E[n] is the average number of packets in the queue. A 
plot cf this relationship is given in Figure 5.10. When the 
link utilization is telow 0.5, the average number of packets 
in the link gqueve is less than 1. Porat zat.on..fac-ors 


greater ttre 0.5, the number increases rapidly. This fecrmula 
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ure 5.10 Average Queue Size vs. Utilization Factor 


he average number of packets as a function of utiliza- 
was used for the link weight calculation. However 
this function had no upper bound, a maximum value was 
@euren 2 £Or lank wutalazations greater than a partic- 

value. 
The formulation which became Method 4 has a link 


Prunes iON cE£ 


1 + 227 ----- pee « O6 S5 
H(I,J) = 
21 A ae On 9 5 
alue of the lirk utilization is calculated using the 
winccw scheme used in Method's 2 and 3. The value of 
ub-weight is the utilization factor of the link over 
windcw pericd. The sub-weights are averaged over the 


number of past windows used. 
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Method 4 is the first scheme presented which has 
some of tke hybrid features discussed in Chapter II. Phas 
link weight function rehaves differently depending upon the 
link utilization within the network. When the network is 
lightly leaded such that dlink utilizations are less than 
0.5, all link weights will have values between 1 and 2. 
This means that the unity term included in the link weight 
function will dominate the utilization factor term and thus 
the rcuting will be a least hor system. AS seen previously, 
the least hop scheme is an excellent best path choice when 
the system is lightly loaded. 

When traffic intensity increases such that link 
utilizaticns increase above 0.5, the link weight function 
will ke dcnrinated by this term and the best paths will be 
meie=cen tc avoid highly utilized links. The addition of the 
unity term has in effect previded a stabilizing effect which 
keeps «te link weights frcm churning or varying rapidly 
under light traffic conditions. Results of Method 4 sinuia- 
tions are given in Ficaure 5.11. Pies lOt 1s quite Similiar 
to the Method 1 results. Hcwever, the average link utiliza- 


meen seen in Figure 5.12 is greatly reduced using Methcd 4. 
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Figure 5.12 Method 4 Link Utilization 
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E. TBE "CGBSBINATION® LINK WEIGAT FUNCTION 

In the preceeding paragraphs, two schemes were found 
which provided stable results. Method 1 determined link 
weights kased upon tke queue size at the moment of updating 
while Methcd 4&4 calculated link weights as a function of 
average link utiization. Method 5 was developed as a linear 
combinaticn of these two methcds. The link weight function 


used in this "combination" scheme is 


W J U.FACT * el 1 ieee: 

— 2 ae -$ £4——]j]———-— 
(I,J) (Q Q(I,5)] aa 
QU.FACT is the Queue Scalin Factor used to observe the 


effect of ckanging the relative influence of the term asso- 
ciated with the queue-size-now to the utilization term. The 
Same windcw operation was used in this fermula as appeared 
Si Method 4. In addition, the same upper bound was placed 
On this term as was given in Method 4. 

The Ssinulaticn results using Method S, which is called 
the RHO.CCMEINE method in the program, is given in Figures 
myo 46 through 5. 16. QU.FACT equalled unity during these 
Guns. Latter secticrs present the effects of variaticns in 
Sue ACT cg algorithm rerformance. As seen from the flots, 


the result of cembining these methods has vastly improved 
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Figure 5.16 Methed 5 Link Utilization II 
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Figure 5.17 Link Weight Methods : Stable Performance 
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the perfcrmance of tke algorithn. Figure 5.17 compares the 
performance of the three tested link weight functions which 
produced stable netwcrk performance. The dramatic improve- 
ment achieved with the final method can be readily seen. 
These results indicate that by linearly combining Methcds 1 
and 4, tke best of beth worlds in a link weight functicn is 
achieved. 

The explanation as to why Method 5 is so successful 
seems to center about two ideas which correspond to the two 
Beers Of the functicn. The first is the link weight ¢eérn 
Savolving tke recent history cf utilization. thas faccor 
Can be viewed as prcviding as estimate cf conditions at 
nodes in nearby areas of the network without actually 
receiving direct information from those nodes. AU olakicy  jenemale ae 
ciple can test be understocd through an ec! Suppose 
that a link has been heavily utilized with a utilization 
meme r £Cxr the current windcw period of 9.75. Additiorally 
Mmemmeene mcment of best path calculation the link Aue as 
just emptied its last packet. If the link weiqht function 
is based cnly upon the current queue size then the weight of 
the link would be mirimal. However, the terminating node of 


Gtemlink may now te "backed up" with traffic due <tc the 
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Beevicus period cf high utilization. By AS ETRE Link 
utilization into the WetGncaing function, the Soakeore at 
the terminating nodes for the links can be estimated. This 
ability te see a little way “over the horizcon" enables the 
routing algorithm which uses link utilization to steer 
traffic away from areas which have recently received high 
volumes cf traffic. 

The seccnd idea, which adds "balance" to the previcus 
roint, is that looking at only the link utilization does not 
take intc account the immediate impact which traffic origi- 
nating from a node has upon best path routing. When link 
weights are determined from utilization alone, situaticns 
can cccur where links of similar usage can suddenly have 
very different queue sizes due to the .crigination of 
messages at the node. As an example, suppose that two 
outgoing links of a node have had utilization factcrs of 
eee CVEr tke current window period and presently their link 
gueues are empty. AS his! “cosne re node accepts 20 
messages which it, Deing Cnevortgqimwacon, places inte the 
queue of cne of the links based upon the routing table. Now 
a length cf time profgertional to the window period wiil pass 


before the utilizaticn of this link becomes different enough 
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so as to cause a best path change. This time lag is due <to 
. the effect of using a calculation based upon an er over 
meperiod of time. Ey including the term related te queue- 
size-now in the link weight function of Method 5, the link 
Meeitghnts can reflect the activity of a node as an originator 
meee catfic. 

Methcd 5S has scme impertant distinctions from Chou's 
hybrid link weight function mentioned in Chapter II. Chou's 
guadratic function used only the queue size term. Method 5, 
On the other hand, employs the additional term related to 
the immediate past history of utilization of the links. Pa 
is this ccmkination cf terms which appears to give the algo- 
rithm such a useful ee cmeereien of the network status. 


1. Resuits of Varying Window Period 


“The link utilizaticn term used in the link weight 
function of Method 5 was calculated over an interval of time 
called the window period. FoGetnwis discrete simulation, 
since updates eee Tes -at random times, the window period 
was modeled suck that during operation it appears as a 
continuously sliding time window. TO accomplish this 
econtinucusly sliding effect, the total window period was 


divided into a number of smaller sized windows. Tf. en 
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small windows were chosen in the previous example to model 
the Efe seccna window period, each small window would be 0.1 
seconds long. Therefcre every 0.1 seconds the link utiliza- 
tions would have been computed at the node with only the 10 
most recent windows teing used during updating. 

The effects cf varying the window period is shown in 
Figure 5.18. The algorithm performance improved as’ the 
Window period (which equalled the product of the number of 
windows and the window size) increased to a certain point 
after which lengthening the period did not achieve substan- 
tial performance improvements. When a Smaller window was 
used, a greater number of windows were required to achieve 
the same performance as with larger windows. However, tne 
total window period required was shorter than when using the 
larger windows. This is especially noticeable from the plot 
in the case where 13 windows cf duration 0.125 seconds had 
the same average number of packets in transit as & windows 
of Peeaticn 0.675 secends. MAewzOcal wandow period fcr the 
shorter windows was 1.625 sececnds while the longer windows 
had a total period of 2.7 seconds. For tne remainder of the 
testing i0 windows of length 0.375 seconds were used 


resulting ina total window period of 3.75 seconds. 
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VARYING THE SIZE AND NO. OF WINDOWS 
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NETWORK PARAMETERS 


Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 
Node update interval = 0.5000 secs 
Avg pkts per message = 1.0 

Dynamic Routing with Method 5 used. 
Virtual Circuits were not used. 
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Figure 5.18 Varying the Window Period 
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2. Results of Varying the Queue Factor 

The Queue Factcr is the scaling n We Laeieuteeeye for the 
gueue-size-now term in Method 5. By varying this value, 
either the queue-size-now term or the utilization term can 
ke emphasised.. When the Queue Factor is set to zero the 
gueue size term drops out resulting in simply Method 4. By 
the same tcken, as tke Queue Factor is made large, a Method 
1 link weight function occurs with the utilization term 
being "swamped" by the queue-size tern. 

Figure 5.19 shows the network performance of the 
test network when the Queue Factor was varied from 0 to 4. 
As expected the results with the Queue Factor egual to zero 
meemedentical tc thcse of Methcd 4. Similarly as Cueus 
Factor increases, the nétwork performance begins to degrade 
Moenmtnat cktained using Methcd 1. Pie Ltheeresc ing resuit is 
the very substantial improvement in performance achieved 
when the Cucue Factor had values near unity. 

This result provokes a question concerning the 
sensitivity of the Queue Factor term upon the Method 5 link 
weight function. Since Queue Factor provides the balance 
retween tke Pied Sa2zcuaras Ut lization term, its sensitivity 


was tested in the following way. 
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VARYING THE VALUE OF QUEUE FACTOR 
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NETWORK PARAMETERS 


Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 
Node upcate interval = 0.5000 secs 
Avg pkts per message = 1.0 
Dynamic Routing with Method 5 used. 
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Figure 5.19 Varying the Queue Pactor 
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If one were to vary the length of a message packet, 
the same ROR eye packets traveling over a link would cause 
@itferent utilizaticn factors. By the same token, SL oe 
different packet sizes were used and the packet generaticn 
rate intc tke network was properly varied, one could main- 
tain a particular average link utilization for simulation 
runs. This was the approach used in testing the sensitivity 
of the Queve Factor term. Three different packet sizes were 
used such tkat their transmissicn times were 0.0125, 0.0500 
and €.2000 seconds. The packet generation rate was s«t so 
that the average link utilization was the same for each 
packet size. ime ees tanner tnevutiltZzation term is held 
constant while the queve size term is allowed to take on 
different values. 

The results when the average network link utiliza- 
tion was adjusted to €.50 and 0.80 are given in Figures 5.20 
mye 5.21.6 For both these results the average number of 
packets within the network was normalized sc that a single 
Epoc could show the effects. In the case where utilization 
was at 0.50 the network performance improved dramatically as 


the Queue Factor became greater than zero. The performance 


meen the ¢chorter facket of length 0.0125 continued to 
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Figure 5. 20 Creme Factor =: 0.50 Utilization 
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improve yet was beginning to level off. The perfomance of 
the Menges packets had both started to degrade as the Cueue 
Factor reéached a value of 4. When the utilization was 
increased to 0.80 the performance with all three packet 
sizes again improved as Queue Factor ee greater than 
Zero. Here it is appfarent that the shorter’ packet perforn- 
ance degraded rapidly as the Queue Factor became greater 
that unity. 

Tkese results indicate that the Queue Factor can be 
changed to match a given network situation +0 a particular 
level cf performance. In addition, when link capacities are 
large in terms of the number of packets per second which can 
ke transmitted over them, then the Queue Factor is best kept 
small so as not to cvéerpower che utilization tern. In the 
remainder cf the Sigrulaticn the Queue Factor was set to 
unity which produced satisfactcry performance for the packet 
transmission time of 0.0500 seconds. 

3. Results of Varying Node Update Interval 

The node update interval is the tine between consec- 

utive updates being generated by a single node. The nede 


update frequency is the inverse of this interval. Fe would 


appear that by reducing the time interval between updates, 
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the algcrithm would perform more effectively since best 
paths would reflect changes in network conditions more 
rapidly. However problems cccur when the increased link 
utilization due to update messages begins to interfere with 
normal message traffic. 

As discussed tefore, the link utilization caused by 
update messages is a functicn of the number of nodes in the 
network, the update interval and the update transmission 
cam . In the thirteen node test network where the update 
interval is 0.5 seconds and the update transmission time is 
Mee iz5 seccnds, the utilization per link due to this cver- 
head is cnly 0.01625. Such a low value does not "load down" 
the netwerk substantially enough to interfere with regular 
message transmissions. This is demonstrated in Figure 5.22, 
which indicates that performance inproves as the frequency 
cf updates increases. The size of an update packet, though, 
is relatively small kLeing Only 1/40th the size of a message 
packet. This small nose ee 1s in keeping with the very 
Simple infcrmaticn which the Yen algorithm requires and iis 
by no means unrealistic. Saecercme: Jaink uttlazation is 
propcrticnal to the number cf nodes in the network, however, 
the perfermance of the network under conditions of higher 


cverhead must still kre evaluated. 
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One way to ere a situation where update overhead 
becomes significant is simply to increase the size of the 
network. However, due to the increased computing time this 
answer was not chosen initially. The solution selected was 
to increase the size cf the update packet by a factor cf 6. 
The new update transmission time was 0.00750 seconds and 
this packet was now only 1/15the the size of the message 
packet. Figure 5.23 gives the network performance using the 
larger upcate. FOLeconadi tions of belatively high traffic 
intensity, the effects of the update transmissions substan- 
tially reduces the performance of the network. The average 
link utilization increases as the frequency of update trans- 
Missicns increases.’ Figure 5.24 shows that when the packet 
_generaticn waS 500 packets per second and short urfdate 
intervals were used, the entire network became saturated. 
The actual link utilization from overhead traffic is given 
Merigure 5.25. Phencalcula cds lentyutltlazacion plictted in 
the figure was ortained using the relationship developed in 


Chapter III which stated that 
link Util{updates] = (N / 2T)U.XMN.TIME 


where N was the number of nedes and T was the time interval 


Fetween ccnsecutive update transmissions by a node. The 
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agreement between the calculated value and the simulation 
Pesuits is very good. This not only provides another vali- 
dation methcd for the simulation program itself but it also 
verifies an analytical methced for estimating the utilization 


cverhead fora network. 


EF. eerric THE NODAL YEN ALGORITHM 

The kasic set of parameters for the nodal Yen algorithm 
have been established from the previous sections. The 
Window period, Cueue Factor and node update interval were 
selected based uron Simulations using uniformly distributed 
traffic intensities ard a highly symmetric network topology. 
The second phase of this research centers around the test 
and evaluation cf the basic algorithm under a variety of 
Meererent ccnditions. Specifically, the performance of the 
Mgorithm under the foilowing conditions is sought: 

me l2£i0ing Errors 

2. Gecmetrically Cistributed Message Lengths. 

eee Untalanced Traffic Patterns. 

fee Datagram and Virtual Circuits. 
In this way, it can be determined whether cr not reuting 
algorithm parameters selected while using uniform traffic 
ee ibutions: will provide acceptable network performance 


Under different circurstances. 
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1. Timing Errors 

A major issue in determining the applicablility of 
these time-dependent routing protocols is how sensitive the 
Fest path selection is to timing errors in the arrival of 
update messages. It is obvious that if update messages do 
not arrive when they are surpesed to.that the receiving nede 
eee incorrectly calculate the Update Reception Weight. The 
question is how wrong the arrival time of the update can he 
before the test path selecticn becomes incorréct. Insight 
as to the magnitude of this timing error can be obtained by 
reviewing hcew the tentative time for update transmission is 
eerculdated. 

Tre calculaticn of the update transmission ‘time 


Mavolved dividing the tentative shortest path distance by Cc. 
Bete) = EN) ee 


Since C is chosen toc equal the inverse of the time required 
Mee ransmit an update ({U.XMN.TIME), this is equivalent to 
mul*+iplying the path distance by the update transmissicn 


time. 


CLP (pk) Ey Oe IN St fallgts 
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The path distance includes the Reverse Link Weight which is 


computed using the ccmbinaticn link weight function. 


Guy =6e( OURFACTINS¥OUT, dg) ] +81 + ~-------- 


Tke link weight is constrained to be.greater than or 
equal to cne and therefore the minimum time interval after 


which anode can send its own update transmission urfon 


receiving one is U.XMN.TIME seconds. Using this fact the 
Maximum speed at which updates can "propagate" through a 
network can be determined. Maximum prepagation speed will 


cccur when link weights are minimum and thus the celculated 
update transmission delay is only U.XMN.TIME — An 
Meaat¢e Criginating at time 0 will reach a node that is K 
hops distart (via least hep path) in (2K = 1) 0.XMN.TIME 
seconds. T£ the path were cne hop longer the additional 
time delay would be (Z)U.XMN.TIME seconds. 

The size of se 2iadae error required to cause the 
incorrect selection within a unifcrm weight least hep scen- 
ario is twice the time required to transmit an urfdate 
Pel@ket. ‘This gives an indication of the magnitude of timing 
errors which the algorithm can function with without miscal- 


culating test paths. The next st?p is to look at possible 
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sources cf akg arrival timing errors and their magnitude 
in relaticnship to U.XMN.TIME. 
| MEpOcc mre waiGhice OL VtIMIng errors is the micrepro- 
cessor clock used by the algorithn. These errors originate? 
from the discrete nature of the clock in which all events 
performed by the node (such as the transmission of messages) 
eccur only at the beginning of a clock period. Errers 
develcp when a computed transmission time for an ufgdate 
message falls in the middle of a clock period. The actual 
transmission time of that update will be delayed until the 
keginning of a new period. It follows that the shorter the 
clock périod, the smaller the errors due to delays in ufdate 
transmissicns. LicmeuOpeE OQuUnd On stne size cE the clock 
interval would be the bit interval of the transmitted data. 
Since tke bit interval is much smaller than the tinea 
required to transmit an update, performance degradation due 
Pemenese Errors is net expected to occur. Through sisula- 
muon, the accuracy of this frediction can be determined. 
Ey modeling the Simulation progran on that the 
time for mesSage transmissicns occurred only at the start of 
meereck period, the effects on performance due to finite 


Clock periods could te analyzed. Hie simusaci2on cleck of 
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SIMSCRIPT is a real dcuble precision variable (TIME.V) and 
has a discrete period of 10**-16 seconds. For all prac eae 
matters, tke simulaticn time appears continuous. The data 
transmission rate fcr the test network was 20000 bits rer 
second which meant the bit interval was 0.00005 seccnds. 
The simulation was tested using "discrete" clocks whese 
periods ranced from 0.000001 to 0.000050 seconds. 

From the results of the simulation runs (Figure 
5.26), effects due to the clock periods selected did net 
substantially change the performance of the algorithn. 
Frrors in update transmission times of up to one clock 
period are not large enough tc change the best path calcula- 
tions. The relative insensitivity of the algorithm to small 
random tising errors is indeed @ positive feature in its 
operating characteristics. 

The second source of timing errors in the arrival of 
update messages is queueing delays. The update insertion 
technique éliminates queueing delays which may have been 
caused from regular message traffic. However, updates 
cannot te inserted within updates and therefere queueing 
delays de cceaur. If two updates attempt to travel over the 


same link at the same time, one wiil be delayed U.XMN.TIME 
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Figure 5.26 Varying the Clock Interval 
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Moonds- Delays asscciated with queueing are related tc the 
update transmission time and thus can cause changes in bon 
path calculations. The issue to be determined is whetker 
mime frequency of update "collisions" is such that network 
rerformance is substantially affected. 

The effects cf update collisions are demonstrated by 
using twc simlation models. Bcth are identical except that 
cne versicn does not use update queues. This model allcws 
updates tc travel "transparently" through the netwerk 
@eenout collisicns. In fact this simpler (and eéarlieér) 
versicn isclated update traffic fron regular méssage 
Meatfic. The model was developed under the assumption that 
the probability of update collisions was small and total 
dink utilization due to update traffic was also small.- The 
second and more realistic model (which is used throughcut 
this work) employs update queves so that update collisicns 
do result in queueing delays. 

Table VII gives the SSS of results even beth 
methcds were used on the test network with uniform traffic 
Sescributicns. The node update interval was 0.5 seccends. 
Network parameters were identical for both simulation 


versions. The table uses wQ and woQ to indicate the final 


USNs: 
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TABLE VII 
Effects cf Update Queueing Delays 


Pkt. Gen. Rate 


(pktsssec) <---> 100 200 400 
W wo te wo Ww wo 

Potal Link xs #28 He tek HQ Hoe 

ice sake slG eto 5 moet 6 S05 -646 .633 
bank Util. 
from Updates .0<z1 = -019 -- Ot ae 
Mean Update 
Cueue Size -0002 -- -0001 -- -0001 -- 
Max. opgeee 
Queue 51Ze 1 — 2 == 1 aye 


Avg. Number 
cf Packets 10.6 10.3 Zi | 23.0 98.7 97.5 
in Network 


° 
l a cD lat) ae EE en ae Ee 


a 


version (with Queue) and the earlier version (withcut 
Queue). The results indicate tne difference in network 
rerfcrmance between the two methods is negligible. This 
meee Fe due in part to the very low values for Eoth the 
mean and maximum update queue sizes during the simulaticn. 
Very few upéate collisions actually did occur and thus erro- 
neous best path calculations were not prevalent. 

During all remaining phases of simulation testing, 
after data was cempiled using the final model, the earlier 
version was also run. The maximum size for an update gueue 


during <t¢tkese runs was three packets with the mean value 
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remaining quite low. Inall cases tested, the difference 
ey cen eter cor rer sance = was Slight. From these results 
it appears that the perfcrmance of this time-dependent 
routing protocol in networks exhibiting update delays from 
both "discrete" clocks and queveing is not only acceptable, 
but very near that oktained without these errors. 

z- Geometrically Distributed Message Lengths 

Message traffic entering the network has. been 
modeled as having an arrival rate based upon a Poisson 
process. Ti using —the POoisscn distribution, the rate of 
arrival is “A" messages per second and thus the average 
interarrival time between messages is 1/A seconds. So far, 
though, the length of all messages has only been one packet. 
‘In operating packet-switched networks, messages occur in 
Gifferent lengths and must be split into a number of packet 
Sized units pricr to transmission. 

From Chapter IV we considered the case wheres 
multiple packet “messages had )a geometric dastribution for 
their lengths. Figtre 5.27 gives the results of simulation 
runs using geometrically distributed message lengths. The 
average numkter of packets per message ranged from 1 tc 20. 


The results show for a fixed packet generation rate that the 
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NETWORK PARAMETERS 


Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 


Node update interval = 0.5000 secs 

Dynamic Routing with Method 5 used. 
Window time = 0.375 secs 
No. of windows = 10 


VIRTUAL CIRCUITS WERE NOT USED. 
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Figure 5.27 
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Geometrically Distributed Message Lengths 





average nugter of packets in the network increased as the 
average message length increased. By applying the results 
ebtained frem the P-K formula, this increase is known to be 
characteristic whenever a geometric distribution is used for 
the messace length. The increase 1s not due to a breakdcwn 
in the routing algorithm as might otherwise have been 
suspected tad this aralytical result not been applied. 

The P-K formula stated that the average number of 


packets in an M/G/1 queue was 


AD/E , (taleyiore) [7 9) 


ECL) = 25-00 0 tee retere------ 
Ct] 2(1 - AD/p) 
where A = Message arrival rate in pkts/sec 
D = Packet transmission time in seconds 


1 / Average message léngth in packets 


4 @] 
tt 


Since the simulation involves a network of queues, the P-K 
formula is used to analyze the behavior of the network when 
geometrically distrikuted message lengths are used rather 
than solve for ELL] exactly. This is permissable since the 
network is in an equilibrium state with no saturated links. 
EFurke [Ref. 26] shcewed that in such a situation where 
raffic entering a system ies OlheosOlnm tne “output traffic is 
BeeaQ FCiSsson. The F-K formula can thus be used to previds 


insight inte the behavior cf a network of queues. 


Sls, 









fhe factor AD/p corresponds to the link utilization 
and as such is less than or equal to one. The second term 
containing p@ will deminate the value of ELL] when AD is 
fixed and p<< 1. | E[L}] will generally increase as the 
square of tke average message length in packets. Therefore 
a Ba tiine cf the average message length will result in an 
approximate quadrupling of the average number of packets in 
the netwecrk. From the simulation results, the behavior of 
the network using fixed message arrival rates and varying 
values of pcan be analyzed to see if this characteristic 
relaticnship is evident. 

Tabtle VIII shows the average number of packets in 


the network using fixed message rates while varying the 


EN | 
| 
| TABLE VIII 
| Average Number of Packets in Network | 
{ | 
| Message Generation Rate | 
| Avs ad Length {msgs/sec) { 
(pkzs) 10 20 | 
| 5 14 37 | 

i 
{ 10 55 164 | 
15 124 392 | 
: | 
a ce cece ee meses (see eae cer aero SSS SESOERS -aleD SET GS Ga GEE EEE as a OD nS Een 
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average message length in packets. When the average message 
length dcubled from 5 to 10 Bee, the average number of 
packets in the network (E[n }) increased 3.93 and 4.43 times 
for the 10 and 20 msgs/fsec rates respectively. This is 
approximately the quadrupling affect which was predicted. 
Similarily, when the message lengths tripled from 5 to 15 
pkts/msg, Ef{n] increased 8.86 and 10.6 times as compared to 
the estimated increase of 9. Finadtiye fob the increase in 
message length of 1.5 times, the resulting Ef{n] increas¢ was 
Mees and 2.39 times which corresponded to a calculated 
mperease of 2.25. Tkese results indicate that the behavior 
cf the network of queues is reasonable when geometrically 
distrikutec messages are used and that the algorithn 
performance does not appear to degrade. 
3. Unktalanced Tratfic Patterns 

All simulaticn results discussed thus far were 
Serained using a unifecrm distribution of traffic throughcut 
the netwcecrk. The uniform distribution was accomplished by 
picking source-destination node pairs at random for each 
message such that all node pairs within the network had an 
equal prekability of selection. As a result the number of 
messages generated between all node pairs for each sinula- 


tion run was about the same. 


7,0) 









An unbalanced traffic pattern exists where the rate 


of message ceneration between node pairs differs throughout 


the network. Static routing methods, which have been 
designed for uniform distributions, are severely limited 
under unkalanced conditions. The ability of a dynamic 


memtang algorithm to adjust to non-uniform conditions is of 
prime importance in evaluating its performance. 

Fer this test the same thirteen node network was 
used with scme mcdifications. All traffic generated for the 
network was dedicated to only three source~destination necde 
pairs. The pairs selected were nodes 1 and 13, nodes 9 and 
Sand nodes 12 and 2 with the first node being designated 
the scurce and the second the destination. These particular 
node pairs were selected based upon their locations in the 
network. They are all located on the perimeter with scurce 
and destiration nodes being on opposite sides of the 
network. The purpose was to allow a wide number of criss- 
Meee=aang caths to exist fer the traffic in an attempt to 
mmgorously test the algorithm's capabilities. 

As a reference point, the unbalanced network was 
initially tested using static least hop routing. | evegat (chet nce. 


running the simulaticn one could compute the maximum traffic 
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intensity which the network cculd handle before saturating. 
The capacity of each link is 20 packets per second. With 
three source-destination pairs, the maximum packet genera- 
tion rate (if seperate link paths existed for the three 
routes) would by 60 packets per second. However, the static 
routing takle (Table V) indicated that link (9,2) was used 
in the kest path for two of the node pairs. Therefore for 
the static run this link should saturate when the packet 
generaticn rate is orly 30 packets per second or 10 packets 
per Pecond for each node pair. 

Figure 5.28 frovides a three dimensional view of the 
network with the height of the arrows between nodes indi- 
meeeng the utilizaticn of the link. It is evident that with 
static reuting the lack of alternate paths was extremely 
detrimental to the performance of the network. When using 
dynamic reuting, the traffic should be more broadly distrib- 
uted cver the network and thus the traffic load between node 
reairs could be increased before saturation occurred. 

Figures 5.29 and 5.30 show the distribution of 
traffic using the Yen algorithm at packet generaticn rates 
cf 50 and 100 packets per second. The highest link utiliza- 


tion for the network at 50 packets per second was cnly 0.43 
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NETWORK PARAMETERS: 


= 0.0500 secs 


Node 1to 13, 9 to 5 and 12 to 2. 


Source-Destination Node Pairs..... 


Packet transmission time 


Pkt generation rate 


30 pkts/sec 
= 1.0 


Avg pkts per message 
Static Routing used. 
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Unbalanced Traffic 


Figure 5.28 
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NETWORK PARAMETERS: 


Source-Destination Node Pairs..... 

Node 1 to 13, 9 to 5 and 12 to 2. 
Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 
Node update interval = 0.5000 secs 
Pkt generation rate = 50 pkts/sec 
Avg pkts per message = 1.0 
Dynamic Routing with Method 5 used. 

Window time = 0.375 secs 

No. of windows = 10 
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Pigure £.29 Unbalanced Traffic: Dynamic - 50 pkts/sec 
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NETWORK PARAMETERS: 


Source-Destination Node Pairs..... 

Node 1 to 13, 9 to 5 and 12 to 2. 
Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 


Node update interval = 0.5000 secs 
Pkt generation rate = 100 pkts/sec 
Avg pkts per message = 1.0 
Dynamic Routing with Msthod 5 used. 


Window time = 0.375 secs 
No. of windows = 10 








Unbalanced Traffic: Dynamic - 100 pkts/sec 
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and still cnly 0.69 at 100 packets per second. From both 
megucres it is clear that traffic between node pairs has been 
ee ritutes throughcut the network and thus the dramatic 
increase in performance was achieved. 


a. 


{co 


atagram and Virtual Circuits 

Chapter I mentioned that the performance of any 
dynamic reuting methed will be reduced when virtual circuits 
are used. ViTtialweiret gore vock" | “the petth taken by all 
packets of a message to that selected by the first one. GE 
network ccnditions change after the initial "trail-blazer" 
packet establistes the route, subsequent packets may no 
longer be taking the rest bath. 

In testing the degradation in network performance 
using virtual Circuits, géeometrically distributed message 
lengths were used. Figure 5.31 shows the outcome of the 
Simulations with the results being very similar to those 
received when datagrams were used (Figure 5.27). However 
there was some degradation in ferformance, the percentage 
difference between the two methods being given in Figure 
55 These results are highly dependent upon network 
topology and are presented only to give a feeling for the 


myepe ct degradation in perfecrmance which is likely to occur. 
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Pkt Generation Rate (pkts per sec) 


NETWORK PARAMETERS 


Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 


Node update interva! = 0.5000 secs 
Dynamic Routing with Method 5 used. 
Window time = 0.375 secs 


No. of windows = 10 
VIRTUAL CIRCUITS WERE USED. 
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Figure 5.31 Virtual Circuit Results 
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NETWORK PARAMETERS 


Packet transmission time = 0.0500 secs 
Update transmission time = 0.00125 secs 
Node update interval = 0.5000 secs 
Dynamic Routing with Method 5 used. 
Window time = 0.375 secs 
No. of windows = 10 


Figure 5.32 Virtual Circuits vs. Datagrams 
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As expected, the longer the average message size the pcorer 


virtual circuits faired with datagrams. 


G. PERFCRSANCE COMPARISON WITH A ROUTING FRACTION SCHEBME 

While the research was underway for this project, a 
second preject began which investigated the performance of a 
routing fraction protocol [ Ref. 24}. In order to provide a 
basis for compariscn, the simulation proqram presented 
herein was utilized as the “driver” for the second project. 
Eecause of the design of the program, the only major altera- 
tions required +o accomodate the routing fraction BEOTOCO] 
centered in the Update Routing Protocol events and routines. 
The cther major divisions cf the progran, which ccencerned 
message traffic transport, data collection and simulation 
preparaticn, were not significantly changed. In this way a 
comparison study of different routing procedures using the 
same "driver" routines could be analyzed. 

Mon cempletion ci the second project, both rcuting 
protccols were tested. Te ensure that tne programs still 
only differed by the routing protocois, both were first run 
using the same network parameters and with fixed best paths 
from the same least op routing table. The statistical 


results from both pregram runs were identical. 
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Next the programs were run such that the performance of 
the Yen algcrithm could be ccmpared to that of the optimally 
selected rcuting fraction method. The selection cf the 
Boutcing fractions was possible since the traffic distriku- 
tion for the network was knew to be uniform. Therefore the 
resulting multiple path routing strategy was "matched" to 
the nétwerk. conditions. 

Gi intensity of the incoming traffic was set at 335 
pkts/sec which corresponded to the saturation point of the 
network when least hep routing had been used. The Yen sinu- 
laticn was run using the same parameters as in tne last 
section with the exception that the update interval was set 
_to 0.20 seconds. The results of the comparison are given in 
Table IX. From these results it is evident that the Yen 
algorithm is able to perform almost as well asa static 
multifrle path method which is operating on its "home turf". 
This term is used since within this static environment the 
Moue2ng fraction methcd can yield «he optimal results. Thus 
the optimal routing fracticn technique provides a perforn- 
ance yardstick with wkich tc measure how well the Yen algo- 
rithm actually works. Again, from these initial findings, 
Mee ability of the Yen algorithm 0 approach optizsal 


performance appnvears te be very good. 
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TABLE IX 
Performance Comparison of the Algorithms 


| 
| | 
| 

| yen Routing Least 
Algorithm Fraction HOPS | 

Me) Pkts in 
{ Network 59. 6 50.3 102.3 | 
| (in pkts) | 
Avg Pkt Trip 
Time Om AT 3 0.148 0.301 { 
| (in seéecs) 
Avg Cuéue | 
i "di Ze 0.44 0.30 1.20 
(in pkts) | 
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Additional simulation runs were done using the unbal- 
anced traffic patterns used previously. However, the 
Madi dity of the static routing fraction method to adjust 
caused severe performance degradation. We have already séen 
that tte dynamic nattre of the Yen algorithm, on the cther 
hand, allews it to perform in an unbalanced environment with 


acceptable results. 


H. TESTING THE HIERARCHICAL YERSION 

In erder to evaluate the peformance of the hierarchical 
versicn of the basic algorithm which was developed earlier, 
some modifications were made to the network parameters. 


These changes were required in order to display the 
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Figure 5.33 Test Network for Hierarchical Version 


operating characteristics cf the new algorithm. First a 
larger test network was used which had 24 nodes and 52 full 
Mmolex links (Figure 5.33). The hierarchical structuring of 
this netwerk was such that two families were created (each 
@een a tctal of 12 nedes) and each family was divided into 
two groups (each with 6 nodes). Though this network is 


relatively small, it was found that running larger networks 
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using the IBM 3033 was very expensive in terms of both CPU 
time and memory allocation. Tnwomne awOrkK, chough, with cone 
additional parameter change proved to be adequate for the 
demonstration. 

One cf the primary reasons for using a hierarchical 
scheme is tc reduce the overhead from update transmissions. 
It has keen shown that the link utilization from updates is 
directly related to the number of nodes in the netwerk when 
uSing the nedal algorithm. However, in order to "load down" 
the netwerk from update packets which have a relatively 
short (1/40th of a message packet) transmission time, the 
size cf the network required was too Large. In crder to 
increase the "cost" cf update transmissions for the purpose 
cf ccmpariscen, the length of the update packet was. therefore 
Beereased ty a factcr of six. This is the same technique 
used in the previous section when the the interval between 
‘node upcates was varied. It waS now possible to run the 
Simulaticn using both the nodal and group/family versicn of 
the Yen algerithm and evaluate their performances. 

Two methods for generating the unit warning message were 
developed fcr the pregran. The first method was the single 


"leader" teéechnigue where cneé node per unit has the 





responsibility of génerating the unit warning messages. 
Initially tte scheme where each node in a unit generated its 
Own warning messages was also simulated. However, this 
method was discarded when the poor distribution of update 
messages in time caused degraded performance. The séccad 
technique which was simulated was the synchronized firing of 
unit update messages whereufon the warning message contained 
a resynchronization time instead of the firing time. 

The results from simulaticn runs using the nodal and the 
two warning message hierarchical schemes are summarized als 
feole X. The table lists the nodal versicn of the algcerithn 
Baer “NCDE", ethe hierarchical version using firing tine 
warning messages under "NS" (for non-synchronized) and the 
versicn using warning messages containing the resynchroniza- 
tion time under "S" (for synchronized). wit ha erarcecnzcal 
versicns were run uSing anode update interval cf 0.25 
seconds while a variety cf group and family times were 
chosen. Two nodai runs were made using update intervals cf 


0.25 and 0.50 seconds. 
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In analyzing the results some overall characteristics 


} are nected: 


1. 


The link utilization due to update transmissions was 
sukstantially reduced when the hierarchical metheds 
were used. In the case where node update intervals 
were the same, the hierarchical methods oneeea a 
meauctron ims urpdate link™utilization by a factor of 
three (0.125 as compared with 0.375 for the nodal 
sckeme). 

The average length of a trip which a packet took 
using the hierarchical schemes was longer than with 
tke nodal version. This is consistent with the 
nature of all hierarchical methods in which reduced 
upcate overhead is achieved at che expense of 
slightly longer packet trips. 

Tke synchronized version of the hierarchical methcds 
performed better than the firing time warning message 
version. Thre improvement appears to be from the 
reduction in cverhead which was approximately twenty 


percent in this case. 


The best performance using the hierarchical methods was 


not oktained when tke update intervals were shortest but 
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rather when the groups and the families were not generating 
their urit -updates at the same rate ae ete nodes. This 
eccurred using the synchronized method with thé grourp and 
family intervals at 0.5 and 1.0 seconds respectively. This 
performance was dramatically better than the node version 
which was clearly teing ccengested ‘with overhead emaciic é 
Even though the nodal version packet trips were about 0.75 
hops shorter than the hierarchical versions, the burdening 
effect of high link utilizaticn from update traffic was the 
dominant factor. Hewever, when the nodal version was run 
using a larger update interval such that the overhead link 
utilizaticn was halved, its performance improved. 

The tenefits frem the use of Oe kek oct metheds in 
large networks have been demonstrated in this secticn. It 
Should te noted Brae Lncorperating _ schemes in very 
large networks is not merely convenient but an absclute 
requirement. Recall that. the formula for the Link utiiiza- 
tion due to update ae anieniione could be calculated 
directly. Since the size cf the update packet is small but 
relativeiy fixed in length and the update interval must 
remain reéescnably shert, there is a finite network size 


before the links will saturate due +o update transmissicns 
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alone. Therefore the implementation of the hierarchical 


version becomes mandatory in a large network. 


I. LARGE NETWORK SISULATION 

The choice of relatively small networks (25 nodes or 
less) fer the majority of simulation work was based prima- ~ 
rily upon limitations which the IBM 3033 had upon job execu- 
tion time and available memory. Simulating the routing 
protocol invelved larce amcunts of both these items. The 
maximum time limit for a single job was one hour which 
corresponded toa thirty second simulation of a 25 necde 
network. 

However, Giminigeetne-mtastegiar ter Of work cn this 
project, SIMSCRIPT 211.5 (Release 4.2) was made available 
with the VAX 11/780 machine. Ticmye 147700 LS a. virtual 
address computer with a large available memory (4 gigabytes) 
and nce linitation on frogram execution time. The similari- 
ties Becucen the ‘VAX and IBM versions of SEuo CR LPs were such 
that transporting the simulation between machines was not 
eee ticult. Program rodifications were centered only in the 
I/O processés. 

The initial design of the "large" network ccensisted of 


288 ncedes. Hierarchical structuring produced 3 families (96 


ae 









nodes each), with @&@ groups per family (12 nod¢€s_ each). 
Initial simulation runs, however, exceeded the available 
memory of even this machine and so the network was reduced 
to a single family. The final network had 96 nodes and 202 
full duplex links (Figure 5.34). 

Testing of the dynamic hierarchical routing protocol in 
this network was made using a highly unbalanced traffic 
fee cribtution. The rajority (95 percent) of traffic gener- 
ated for the network originated from Group 1 nodes. Enea 
Similar manner, the same percentage of generated traffic was 
destined for Group 4 nodes. From the network topology, it 
Gan be seen that this traffic distribution means that most 
meactic Ree travel from cne side of the network to the 
other. Nurerous routes can be visualized to include flews 
SaettaLtic through tke upper two groups, the center group, 
and the bettom three groups. 

In erder to cet a performance comparison, the simulation 
was first run statically using the least hop routing scheme. 
The packet generation rate for the network was 100 packets 
per second. This traffic intensity was selected such that 
link Saturation was béeginnirg to occur. The results of the 


Simulaticn run are presented in a pictoral rather than 
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Pigure 5.34 96 Node Network 


tablular feorm so that the overall link usage of the netwerk 
can te clearly seen. Figure 5.35 presents four views of the 
network with each view depicting those links which had 


utilizatiocns within the range specified. As exvected with 
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Figure 5.35 Large Network: Static Routing 
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the static scheme, the majecrity of the links received very 
little usage while the links belonging to the best path were 
Saturated. At the ccnclusion cf the ten second simulation 
only 727 of the 1030 packets generated had completed their 
Prlps. 

The simulation was then run using the hierarchical 
distrikuted algoriths with synchronized unit update trans- 
missicns. Update packet size was kept at the size used 
previcusly (1/40+th of a message packet) and both the node 
and group trpdate iaeeeean was set to 0.5 seconds. The 
BesultS are given in Figure 5.36. Network views ccrre- 
Beemging tc link utiilizations greater that 0.6 wer2 not 
Meauecred Since the highest utilization of any link ‘in the 
network was 0.586. The view showing the utilization. range 
fom 0.3 to 0.6 clearly shows the ablility of the algorithn 
Bemetfectively route traffic. Reaptne COnciusion of the 
Simulaticn the netwerk was stable with 917 of the 1030 
generated packets having comrleted their trip. The average 
Meee utilization due to update traffic was only 0.026 and 
BaerbeLrore did not interfere with message traffic. Had the 
nodal versicn been used, the average link utilization from 
update traffic alone would been approximately 1 which again 


points cut the requirement for the hierarchical version. 
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Figure 5.36 Large Network: Dynamic Routing 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CCNCLUSIONS 

The path which lead to the development of the combina- 
tion link weight function and the hierarchical distrikuted 
routing procedure was by no means a "least hop" one. Many 
detours were taken while enroute which were time consuming, 
but net without benefit in terms of derived insight. In 
summarizing the many points of conclusion obtained during 
mee ccurse of this froject, a chronological approach is 
used. inemmaddireaon tO the actual results obtained, oe 
lessons learned by this authcr are also included. 

Initially the simulation frogram model was developed on 
a much simpler scale ne that which appears herein. 
Modulerity and understandability were emphasised so that as 
the model grew in realism (and became nore complex), it did 
not beceme unmanageable. In doing so, the impact that rodi- 
fications to the model had upon the simulation operation 
were net lost. This process is best seen by example. 

An early version of the simulation model did not use 
update queues under the assumption that the effects of 


update ccllisions would be negligible upon the performance 
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of the routing algorithn. As the model grew, the update 
insertion technique was included with its resulting update 
packet queueing delays. The new Simulation results 
confirmed an earlier speculation that queued updates did not 
dramatically change the ee rath calculations. However, 
only by working from the simple to the more complex model 
could these conclusicns have been made. 

Another goal during the model development stage was in 
Bending techniques which could be used to validate the sinu- 
laticn. The use of analytical methods proved very effective 
in this area. The key was in matching the network parame- 
ters to situations which could be duplicated using the math- 
ematical techniques. In dcing so the results obtained 
during simulaticn closely agreed with those using the 
analytical methods. The simulation operation was also veri- 
fied using a fainstaking process whereby every network 
process involving individual packets Was printed out. 
Therefcre, Diwce CeCe tne Sinhulation "being ae using the 
routing protocols, the model had been convincingly tested. 

After establishing a workable simulation model, it scon 
kecamée apparent that a dynamic routing protocol is only as 


good as the informaticn upon which it makes the estimate of 
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the network conditicns. The combination link weight 
function which was finally developed appears to provide an 
accurate and responsive measurement upon which the routing 
decision can be made. A somewhat unexpected characteristic 
cf the ccmbinaticn method was the relative insensitivity of 
its parameters upon the algorithm's performance. The Queue 
Factor term demonstrated very acceptable performance over a 
wide range of network parameters. In fact, the modified Yen 
algorithm seemed tc be hard to “break down" even when 
Subjected tc a variety of chactic and unbalanced traffic 
conditions. The rckustness ope aie modified version was 
Beetner shewn when dtring cecnditions of rather gross timing 
tometaticns, the network performance remained basically 
unchanged. 

It should be emphasised, though, that it was not the 
mmeent cf this research to find the "optimal" set of parame- 
Mes fOr the routing protocol. The effects that one paran- 
eter had upcn ancther were interrelated and thus the precblem 
would have become one of finding a global optimur in 
N-dimensicnal space. The vastness of this space precluded 
Such a search and so a working set of parameters was found 


anstead. 
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During the development of the nodal version of the Yen 
algorithm, a simple fcrmula was derived which solved for the 
overhead link utilization due to update transmissicns fron 
known network parameters. It was this result which helred 
to previde the motivation fcr the development of a hierarch- 
mcal version. The nodal version, though extremely capable, 
was limited to netwcecrks of a particular size due to the 
detrimental effects which the overhead traffic produced. 
The maximum network size was a function of a number of 
parameters. For the parameter values used in this work, the 
limiting network size was approximately 100 nodes. 

The hierarchical scheme which utilized synchronization 
warning messages prcduced the least overhead and the best 
performance of those tested. The feasibility of this rethod 
was demonstrated using the large network of 100 nodes. The 
real “savings” from this method over the non-synchronized 
hierarchical scheme came from the substantial reducticn Ln 
unit warning messages which were passed using the flcoding 
technique. 

Mmoeeatkility of the algecrithm to function with little 
performance degradation in an environment of hardware clceck 


limitaticrns and delays due to gueved updates was ancther 


Dy CANS, 








positive result. It appears that in general, these random 
timing inaeciracies were negligable compared to the magni- 
tude of the link weight function calculations. The hybrid 
characteristics of the combination function also assisted in 
damping small weight variations which may be caused by these 
delays. 

The limited work which was performed using the VAX 
11/780 with the nearly 100 node network came late in the 
project. However, the results from these tests were central 
to this work. By demonstrating the workability of the 
protocol cn a complex, non-symmetric network, scme of the 
doubts which haunt snall, symmetric simulations are removed. 
Curing the development stages, small network simulaticns 
were required in order that the mechanics of the algorithn 
could te verified. Cree the hierarchical version was devel- 
coped, though, the reguiremént to test it on a large netwerk 
became the central issue in Staverton ng its credibility. 
In successfully doing SO, a major goal of the project was 


met. 


FEF. RECCAHMENDATICNS FCR FURTHER STUDY 
During the develcrment cf this project, several courses 


ef action which future work might take became apparent. 
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Some of these areas require only RIE ther ELL w\leaesuon with the 
program in Appendix C, while cthers require the preduction 
of additicnal prcgrars. The area mentioned first, since it 
was partially begun during the final phase of this project, 
is that of large network simulations. Studies could lock at 
the selection of node, group and family update intervals in 
order to achieve improved performance. Initial results tend 
to show that larger units did net have to update as often as 
smaller cnes, but this was not conclusive. 

The simulation rogram already includes a routine 
designed tc allows redes near unit borders to maintain 
routing information cn neignboring nodes belonging to cther 
amt s . This information wculd enable packets destined for 
these neighktoring nodes to take the best path to the ncede 
Mecelt vice the best path to the group or family of the 
node. Using the large network, it would be possible to run 
comparison simulations while varying the "depth" within the 
Wnit kecrders for which node routing table entries would be 
Maintained. 

The topology remained fixed throughout all simulaticns 
Mimeeduring this project. The program, though, is capable of 


modeling a dynamically changing network topology. Link 
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connectivity can be altered simply- by removing or aGaoae 
links to the node's link set. The addition or deleticn of 
nodes would require a bit more planning since nodes, as 
permanent entities, are created at the same time. However, 
the destruction or jeining of nodes to the network could 
still te handled by the deactivation or activation of links. 
Using this technique, a wide variety of scenarios can 
develop ranging from static network topologies that experi- 
ence randcem node and link failures to completely mobile ones 
used to represent a packet radio network. 

The "Successor" algorithm of Appendix B could be sinu- 
lated in this dynamic environment. This algorithm could be 
used in ccnjunction with work concerned with the "start-up" 
phase of a packet network. The whole area of network 
activation is very important to the feasibility cf a 
distributed network and cannot be overlooked in the design 
consideraticns. 

This work has fecused cn the application of a distrib- 
uted routing pretoccl within a packet-switched communica- 
fons network. It may be of interest to study the 
applicability of this protocol ina packet-radio network. 


Packet radic networks exhibit some unique qualities which 








might make the use cf a time-dependent Poneind EEGLOCOL 
particularly difficult.. 

During this work, performance comparisons were done with 
Beeouting fracticn prctocol. The Yen algorithm produces a 
single kest path node for each destination and not a set of 
routing fractions. Future work may look at developing a set 
of alternative paths from the Yen algorithm by keeping track 
of the tentative update transmission times. Relationships 
may be developed, fer example, between the "second best" 
update transmission time and the selection On se alternats 
paths. 

In conclusion, this thesis was a preliminary investiga- 
t10n intc the application of the Yen routing algorithn 
Within a packet-switched communications network. The 
wisttial Acyeslone from this study was a modified version 
of the algorithm which exhibited hybrid operating character- 
istics wken used in conjunction with the BrOnosed comtine- 
fon link weight function. The final algorithm development 
was a hierarchical version utilizing synchronized unit 
update transmissions which allewed the protocol to operate 


in large networks. 








APPENDIX A 


THE YEN SHORTEST PATH ALGORITHM 
In an N-ncde directed network, let 
{I}, I = 1 to N, be the nodes of the nstwork. 
(I,J) be the link connecting node I to node J. 
W(I,J) 2 0 be the weight of(I,J)~ 


F(I,K) be the distance of the tentative shortest 


Ean thOomenea@e ©. to node K. 


T{F (I,K) ] be the finite length of time defined 


SO ScpPrescnt the correscpending value of F(I,K). 
mete C De themcenstantesuch thaztac = F(1I,K) /T{ F (I,K) }. 


Metially, all F(I,K)*s and TEF(I,K) ]'s are set to co. 


STEE 1: At time 0, the destination node K 
sends each of its Neighber (out) nodes J 


@€ Simple message "K", 


Sar 2: Cn receiving a message "K", each 
node J must: 
Are Label the node that has just sent 
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the message node L and Aotees node L 
) from its Update Transmission List. 

Ee Read the clock and let T{F(L,K) } 
equal the time it reads from the clock 
and Jet F(L,K) = C.*- Tj F(L,«) }. 
F(L,K) is the Update Reception Weight. 

ar Update F(J,K) by 
F(J,K) = min{F(J,K) , W(J,L) + F(L,K) ]. 
F(J,K).isS the Tentative Shortest Path 
Distarce and W(J,L) is tne Reverse Link 
Weaght. 

c. bec Ter (a, hk) | = Fug, Kk) 7 C. 
TF (J,K) ] is the Tentative Time of 
Update Transmission. | 

lee At tise T[F (J,kK) ], node J 
sends the message "J" to Neighbors 


on its Update Transmission List. 


Seer 33 Repeat STEP 2 until time t*, where t* is a 
predetermined constant larger that any possitle 


TTF (J3,K) ]- 


At the terminaticn of the algorithm, each node J has the 
follcwing scluticn to the shortest path to destination nede 
K: 
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Tke distance cf the optimal shortest path from nede J 
to the Bee acne ae K, which is given by F(J,K), 
and 

The identity cf the next node on the shortest path 
frem node J tc node K, which is indicated by the node 


which generated the final F(J,K). 
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APPENDIX 3B 


THE "SOCCESSOR™ NODE SELECTION ALGORITHS 


The purpose of this algorithm is to provide a means for 
the hierarchical version of the Yen algorithm to continue to 
cperate in the event that the current Leader node within a 
kasic unit (i.e. groug or family) fails. The Leader node is 
reseponsitle for generating the unit warning message which is 
Phen sent to all members. This warning message con*ains the 
identity of the Leader node and the time at which all nodes 
are to send the unit update message. If the Leader nede 
Bartle, then the unit will ne longer be able to previde 
update informaticn fer the rest of the network. This same 
megeratim 1s also applicable to network "start-up" pericds 
when the units thems¢€lives are forming and Leader nodes must 
ke selected. The following definitions are given which will 
te utilized in the algorithm. 


In an N-node directed network, let: 


I, Jd, K,e---, L be nodes belonging to a basic group 


c+ 
+ ae 
ey 
tn 


cf the network. A group was chosen for 
description yet this 1S applicable to any level 


m1 . 
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Each nede have a clocking device called a Timer 


which, upon setting, will time out at t = T(max). 


T(max) be greater than any time interval between 
consecutive group warning messages being received 


by any node in the group. 


GW{Ij be the Group Warning message originating 


Erem gcde IL. 


T(qre) be the average ‘time between generation of 
consecutive group warning messages by the leader 


node. 


SC I,T(I)] be the Successor message containing the 
identity of node I and the tine T(TI) when the 


Successor messacé was criginated. 


The algorithm is presented in terms of the three 
Seererent events which can occur during network operation 
resulting frem its usage. These events are 

1. A node receives a group warning message. 

2. A ncede "times cut". This means that the node has net 
received a greup warning message within T (max) 
seconds. Each node has a re~settable timer which it 


uses to deteragine this. 
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3. A node receives a successor message. SUCCESSOL 
messages are sent by nodes which have "timed cut" and 
are new competing for the function of being the grceup 
Leader. 


The algcrithms related to each event are as follows. 


EVENT 1 


me tine t, node I receives Ga{L]}) from node K and performs 


the fcllowing: 


Node I carries cut standard group update proece- 
dures. This involves retransmitting the grceup 
warning message and then scheduling its own grcup 
Update message to be “fired at the specified 


firing time given in the warning message. 


Cancels the scheduled transmission of GW[I] if it 


had teen scheduled. 
Bee St 1,T (ij) ] = SI, co }. 


Resets its Timer. 
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EVENT 2 


At time t*, node J's Tiser "times out". 


performs the following: 


If T(J) = ©, 


Let S{J,T(J)] = S{J,t*]; 


Node2 J then 


Transmit S{J,T(J) } to all neighbor nodes within 


same group; - 


Schedule the transmission of GWU J] to all naésightecr 


nedes within same group at time t 
Reset the Timer. 


Mm 1(J) #00, 


= <* + T (max); 


Teanstet esi Tig) ] to all Retghbor nodes within 


same group; 


Reset the Timer. 


EVENT 3 


Ac time t*#*, node J receives S[{I,T(I) ] from node K. Nede J then 


Performs the following: 
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If nede J has already "timed out" and transmitted 


s{c,T(d)] then, 
Tf T(I) < T(J) Sane 
Cancel the scheduled transmission of GW{ J]; 
Gee Sila gee, ae SC ee a8) ae 


Transit S{J,T(J) ] to all neighbor nodes 


within the same group except node kK: 
Reset the Timer. 

Tf T(I) = T(J) then, 
Li Ziv oa tne D, 


Cancel the scheduled ‘transmission of 


“GWLd ]; 
Bec (0, Utd) =e et, © (lye), 


Transnit S{J,T(J) ] to all neighbor nodes 


within the same group except node K; 
Reset the Timer. 

fel > se ene 2, 
Nc action is taken. 


Pio (i)2 /1(d) then, 
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Ne action is taken. 


If nede J has net "timed cut" then, 


Pic) ead then, 


Let sia, © (3) ) = StL, © (1) }: 


If T(T) T(J) then, 


Lt tex) then, 
et Slo, l(J} |= Sj 1, T (2) }. 
eer Ded one fh, 


Nec action is taken. 


rer (L) 2) Tw) tnen, 
Ne action is taken. 


Figure B.1 shows the network which is used to iliustrate 
how this algorithm performs inthe event that the leader 
node fails. The current leader is node 1as the network 
activities commence. The time delay associated with each 
link is 0.1 seconds with the average time between consecu- 
tive group warning messages being 2 seconds. T(max) is 4 
seconds which is greater than the normal interval of time 
bketween receptions of the group warning message by any nede 
Bethe unit. 
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Figure 2.1 Network for Demonstrating Successor Algorithm 


TINE (SECS) NODE ACTIVITY 
0.0 Nede 1: Xmts GW(1) to Nodes 2 and 3. 
oe 1 “Nede 2: Revs GW(1) from Node 1. 


Sets Timer to 0.1 + 4 = 4,1. 
Xnts GW(1) to Nodes 3 and 4. 


Nede 3: Revs GW(1) from Node 1. 
Sets Timer to 0.1 + 4 = 4.1. 
Xmts GW(1) to Nodes 2, 4, 5. 


OZ Node 4; Rcvs GW(1) from Nodes 2 and 4. 
Setar baner to 0.2 +. 4 = 4.2. 
Xmts GW(1) to Node 5. 


Node 5: Rcovs GW(1) from Node 3. 
Sets Timer to 0.2 + 4 = 4.2. 
Xmts GW(1) to Node &. 


v.23 Nede 4: Ignores GW(1) from Node 5. 


Nede 5; Ignores GW(1) from Node 4. 
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} 1.0 


Ncede 


 Nede 


Ncde 


Ncede 


Ncde 


Nede 


Nede 


Nede 


Ncde 


"Fails" as Group Leader. 


Timer "Times Out", 
mts S(2 , 4.1) to Nodes 3, 4. 
Schedules GW(2) xmt at 
G@.1+ 2 = 6.1. 
Resets Timer for 4.1+ 4 = &1. 


Timer “Times Out". 
Xnts S(3 , 4.1) to Nodes 2, 4, 5. 
Schedules GW(3) at 

teat +) 2s Oe I 


Resets Timer for 4.1+ 4 = &.T. 


Reverso, 4. I) trem Node 3. 


Nowect2on 22 taken. 


Revs S(2 , 4.1) from Node 2. 
Cancels GW(3). 

Anmtseotees 4.1) to Nodes &, 5. 
Sets Timer for 4.2 + 4 = &.2. 


Timer "Times Out", 

REVS see se 4e 1) ana S{s , 4.1). 
AMcamon cut. 1) to} Node 5. 

corse veicwenon 4.2 + &- = 8. 2. 


Timer "Times Out". 
REVS Soap eae 1) ErOm Node 3. 
AMcceot se, 4.51). to Node &. 


Sets Timer for 4.2 + 4 = 8.2. 


Revo toes Ie trom Node 5. 


No action is taken. 


Rovs S(2 , 4.1) from Node 4. 
faenttevees Node 2 < Nede 3. 
MNtsms (2 ene 1) to Node 3. 
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Sets Timer for 4.3 + 4 = 8.3. 
6.1 Nede 2: Xmts GW(2) to Nodes 3 and 4. 


G22 Nede 3: Rcovs GW(2) from Node 2. 


Resets Timer for 6.2 + 4&4 = 10.2. 


Xmts GW(2) to Nodes 4 and 5. 


Ncede 4&: Rcvs GW(2) from Node 2. 


Resets Timer for 6.2 + & = 10.2. 


Xnts GW(2) +o Nodes 3 and 5. 
6.2.3 Nede 3: Ignores GW(3) from Node 4. 
Nede 4s Ignores GW(3) from Node 3. 


Node 5: Revs GW(3) from Nodes 3 ard &. 


Resets Timer for 6.3 + &4 = 10.3. 


Upen conclusion of this example, Node 2 had become the 
new Leader. The algorithm operates in such a manner that 
nodes clcsest to the Leader will compete for that function 
if the Leader fails. This occurs because nodes clcsest to 
the Leader receive the warning messages first and thus “tine 


out" first in the event that a warning is net received. 
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APPENDIX C 


Sevier oN PROGRAM 


// EXEC SIM2S5CLG, REGION. GO=4096K, PARM. GO= ‘MAP, SIZE=760K * 
//SYSPRINT OD SYSOUT=A 

//SIM.SYSIN OD x 

PREAMBLE 


Pe Pd DE OE OE OE FE DE DE DE DC DE DE DE DE HE HL DE DE DE IC DE HC DE IE HL IE I I HH HH HE OE I OE IE OE I I OE OE OE OE OE OM EM 


9 94 98 90 OC 9 PCC LLC 
=} “OO PACKET SWITCHED NETWORK HIN 
cae OOOO SIMULATION PROGRAM ION 
ee ~90 DE OE OE EOE III 
ss SOCIO UTILIZING @ PECL L| 
2 OIOT DYNAMIC ROUTING PROTOCOL III 
_s ~ EE EC BASED ON PEL ttt 
se ~9E 3 98 9E 3E 9 5 34 HC OE HE IM 
ad SOOOOOE THE YEN SHORTEST PATH ALGORITHM aE EEE Es 
sig SION BY ROS8ERT R. LOGAN HCC 
i S EEL EL! PELL eC. 


‘iis PET EOCCCTOCLCOIOLCOCETCOCCCOCOLOCCOCCOCCTOCCOCTOCOCTOCOCOCLCOCTOCCOCSCCECCOLEC € 


NORMALLY MODE IS INTEGER 
GENERATE LIST ROUTINES 


PERMANENT ENTITIES....... 
EVERY NGDE HAS A GROUP, A FAMILY. A XMT.PERCENT. A RCV.PERCENT, 
A OPT.RCV, 
OWNS A LINK.SET, A XMT.RECORD, A ALARM.CLOCK, 
A VIRT.CKT.LIST 
DEFINE XMT.PERCENT, RCV.PERCENT AS REAL VARIABLES 


SPEER MR lee Nidal SS ety. os 
EVERY UPDATE HAS A ORIGIN, A BEGIN. TIME, A FIRING. TIME, 
A CLASS, A FM.NODE. A TG.NODE. A HOPCNT, 
A VARIETY. 
“MAY BELONG TO A UQUEVE, A UPROP. QUEUE 
DEFINE BEGIN. TIME, FIRING. TIME AS REAL VARIABLES 
EVERY PACKET HAS A ORG.NODE, A BEG. TIME, A HOP.CSUNT, A DEST.NODE, 
A RELAY.NODE, A NEXT.NODE. A MSG.I0.NUM, A PKT.ID. 
A PKT.SUM. A LIFETIME. A QSTAT, A P.NAME, 
Minerval. 
MAY BELONG 10 A QUEUE, A PROP. QUEUE 
DEFINE BEG.TIME. P.ARRIVAL AS REAL VARIABLES 








EVERY LINK HAS A STATUS, A TERM, A QTEST, A QUESIZ, A LK.WEIGHT, 
A UPCOUNT, A PTCOUNT,- 
GOWNS A QUEUE, A PROP.QUEUE, A SET.OF.WEIGHTS, 
A UQUEVE, A UPROP. QUEUE, 
MAY BELONG TO A LINK.SET 
DEFINE LK.WEIGHT AS A REAL VARIABLE 


EVERY WEIGHT HAS A WT.SIZE, 
“MAY BELONG TO A SET.OF.WEIGHTS 
DEFINE WT.SIZE AS A REAL VARIABLE 


EVERY CIRCUIT HAS A CKT.10, A VIRT.BP, 
‘MAY BELONG TO A VIRT.CKT.LIST. 


EVERY RECGRD HAS A REC.ORIGIN, A REC.TIME, 
MAY BELGNG TO A XMT.RECORD 
DEFINE REC.TIME AS A REAL VARIABLE 


EVERY BUZZER HAS A SETTING, A CAUSE, A TEMP.BP. A BUZ.BEG, 
A BUZ.WAKE, 
OWNS A BUZ.LIST, 
MAY BELONG TG A ALARM.CLOCK 
DEFINE SETTING, BUZ.BEG AS REAL VARIABLES 


EVERY BUZ.NODE HAS AN 10.NUMBER, 
‘MAY BELONG TO A BUZ.LIST 


a8 


EVENT NOTICES INCLUDE US. LINK. WEIGHT. CALCULATION, E1. TRANSIENT. BLANKING, 
E2.COLLECT.DATA, EY.NETWORK. PERFORMANCE. REPORT 


EVERY U1. GENERATE. UPDATE HAS A SENDING.NODE, A UP.CLASS 
EVERY UY.RECEIVE.UPDATE HAS A UP.MESSAGE 
EVERY U6.NODE.WAKE.UP HAS A WK.NGDE. A WK.MSG. A BPATH, A HOPNUM 
EVERY U7. UNIT.FIRING HAS A PF.NODE, A PF.CLASS, A PF.ORIGIN, 
A PF.BEGIN 

DEFINE PF.BEGIN AS A REAL VARIABLE 
EVERY US.ERASE.RECGRD HAS A ERA.NODE, A ERA.RECGRD 
EVERY M1.GENERATE.MESSAGE HAS A T.MESSAGE 
EVERY M2. RECEIVE.MESSAGE.PACKET HAS A PA.CKET 


© $- 


PRIORITY ORDER 1S UY.RECEIVE.UPDATE, M2. RECEIVE. MESSAGE PACKET. 
M1.GENERATE. MESSAGE, U1.GENERATE.UPDATE, 
U7. UNITSFIRING, U6.NODE.WAKE.UP, U8S.ERASE.RECCRD, 











E2.CGELECT.OATA, US. LINK. WEIGHT. CALCULATION, 
E1. TRANSIENT. BLANKING, EY.NETWORK. PERFORMANCE. REPORT 


‘* QOEFINE QUEUE AS A SET RANKED BY HIGH HOP.COUNT 


Le | 


DEFINE NGO. TIME, BRACKET, 
GP.FIRE, GRP.TIME, 
MSG. GENERATION. INTERVAL, 
INC.PPM, ENO. PPM, 
PPS.AVE, AVE.PPM, 


BEG. PPM, RCV.PCNT, 


U.XMN. TIME, PKT.XMN.TIME, 

FM.FIRE, FAM.TIME, DELTA, 
TIME.LIMIT, ERA.PERIOD, 

PPS.BEG, PPS.INC,  PPS.END, 
MAX.PPM, XMT.TOTAL,  QU.TOTAL, 

| TANS. PCNT, LNK.NOD.RATIG, 

MAX. LINKS. PER. NODE, MAX.GRP.NGDES, XCQUNT, WT.TIME, 

MAX.FAM.NGDES, IN.GRGUP, IN.FAMILY, TRANSIENT, 

QU.FACT, BIT. INTERVAL, ND.STEPS, NUL.TRANSIENT, NO.FINISH 

AS REAL VARIABLES 


DEFINE TRAF.LIMIT, UP. COUNT, HOP.LIMIT, LINKS, IPPM, 
INIT.BP, NUM.REPORTS.REQUESTED, TEST, SAMPLES, 
NEWN.MSG.TOTAL, NEW.PKT.TOTAL, COMP.TRIP.PKT, SYS.PACKETS, 
HOP.TOTAL, NODE.FACTOR, PRNT, FMLYS, GAPS, NGFS, 
NUM.OF WEIGHTS, MANNER.OF. WEIGHTING, STEP.BY.WEIGHTS, 

USES VIRGT.CKIS, GISERETE. TIMER, USCOUNT, STRTIC.8P, 
BY.GEOM.DIST, GEOMETRIC, ST.EP.BY.NOD.TIME, SYNCH.FIRING 


AS INTEGER VARIABLES 


IMSG, 
NUMRUNS, 


ACCUMULATE QUE.PKT.TIME AS THE SUM GF QSTAT 

ACCUMULATE TRANSIT.TIME AS THE SUM GF LIFETIME 

ACCUMULATE LK.MEAN AS THE MEAN OF STATUS 

ACCUMULATE QU.MAX AS THE MAXIMUM, QU.MEAN AS THE MEAN, QU.OEV 
AS IRE SIDJOEV GF IN. QUEUE 

ACCUMULATE UP.MAX AS THE MAXIMUM, UP.MEAN AS THE MEAN, 
AS THE STO.OEV OF N.UQUEUE 

ACCUMULATE AVG.WEIGHT AS THE MEAN GF QUESIZ 

ACCUMULATE UP.RHG AS THE MEAN OF N.UPROP. QUEUE 

ACCUMULATE RHO AS THE MEAN OF N.PROP. QUEUE 


UP.DEV 


ACCUMULATE AV.SYS.PACKETS AS THE MEAN GF SYS.PACKETS 


a¢ 


DEFINE 
DEFINE 
OEF INE 
DEFINE 
DEFINE 
DEF INE 
OEF INE 
OEF INE 
DEFINE 
DEFINE 
OEF INE 
OEFINE 


OUT 
INQ 
DEAD 
ALIVE 
IOLE 
BUSY 
REGULAR 
WARNING 
NOO.MSG 
GRP.MSG 
FAM.MSG 
NONE 


TO 
TG 
TO 
TO 
TG 
TO 
TO 
Td 
TO 
TO 
TO 
TO 


MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 
MEAN 


Own VM — -§ O “ O = O 








DEFINE BY.QSIZE.NOW 1TC MEAN ] 
DEFINE BY.PAST.QSIZE TO MEAN 2 
DEF INE BY.PAST.QAVG TO MEAN 3 
DEFINE BY.RHO.WEIGHT TO MEAN 2 
DEFINE BY. COMBINE TC MEAN =) 
DEFINE BEST.PATH AS A 2-DIMENSICNAL ARRAY 
DEFINE OUP.BEST.PATH AS A 2-DIMENSICNAL ARRAY 
DEFINE FAM.OF.GRP AS A 1-DIMENSIONAL ARRAY 
DEFINE BORN. PKTS AS A 2-DIMENSICNAL ARRAY 
DEFINE GONE.PKTS AS A 2-DIMENSIGNAL ARRAY 
DEFINE JUMP. TOTAL AS A 2-DIMENSIGNAL ARRAY 


DEFINE LENGTH. TRIP AS A 2-DIMENSIONAL REAL ARRAY 


et 


END **OF PREAMBLE 


> 9 FE DE HE FE HE D4 DE DE FE DE OE HE DE HE DE DE DE-DE DE DE HE HE OG FE DG HG DE HE DE DE DE DG DE DE DE HE HE HC DE HE HE DE HG HE DE OG DE HE HE DE HM HE PE DE OG DE DM DE DE OC OE OM OM OM OE 


as 


MAIN 


LET LINES.V = 79 


pa THE MAIN ROUTINE ACTS AS THE CONTROLLER FOR INITIALIZING 

r= AND THE SUBSEQUENT EXECUTION OF MULTIPLE SIMULATION RUNS. 
ia THIS SECTION IS ORGANIZED INTC MAJGR PARTS AS FOLLOWS: 

ry (1) VARIABLE INITIALIZATION; 

ae USER CONTROLLED VARIABLES ARE SPECIFIED. 

aa (2) NETWORK CONSTRUCTICN; 

a DATA CONCERNING NODES AND THEIR CONNECTIVITY 

IS INPUTTED FROM EXTERNAL DATA SET. 

ay (33 BEST PATH INITIALIZATION; 

ai THE SIMULATION IS RUN WITHOUT ANY MESSAGE TRAFFIC 
iy (1.—. UPDATES GNLY) TC DETERMINE THE BEST PATH 

a VALUES WITH WHICH TC BEGIN THE SIMULATION. 

. (4) EVENT INITIALIZATION; 

os PRIGR TO THE START CF THE SIMULATION ALL EVENTS 
ARE INITIALIZED. 

- (3) START SIMULATION; 

‘a (6) MULTIPLE RUN GPTICN; 

Bee THE SIMULATION CAN BE RUN AGAIN USING NEW PARAMETERS 
i IF DESIRED. 


** SIMULATION PACGGRAM CONTENTS: 
a 1. «PREPQRATIGNx PRIGR TG SIMULATION (P) 


P1,.BUILD.NETWORK (ROUTINE) 

Pe. CONNECT.LINKS (ROUTINE) 
P3.INITIAL.ROUTING. TABLE (ROUTINE) 
PU.SSTATIC.EVENTS (ROUTINE) 
PS.DYNAMIC.EVENTS (ROUTINE) 


e 
ee ee ee ee | 
r r 
ul & Ww fh — 
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1.6 P6.PURGE.EVENT. QUEUE 
1.7 PrezeReuve.scis 


(ROUTINE) 
(ROUT INE) 


2. xUPGATEx ROUTING PROTOCOL (U) 


Tw fT TO PO fo fu fo 
Oo” 6 ° e 
Ox-.) @D UI & Ww fo = 


U1.GENERATE.UPDATE 
Ue. TRANSMIT. UPDATE 
U3. INSERT.UPDATE 
UN.RECEIVE. UPDATE 
US.LINK.WEIGHT. CALCULATION 
U6.NODE.WAKE. UP 
U7.UNIT.FIRING 
U8. ERASE. RECORD 


(EVENT) 
(ROUTINE) 
(ROUTINE) 
(EVENT) 
(EVENT) 
(EVENT) 
(EVENT) 
(EVENT) 


3. “MESSAGEx PACKET TRANSPORT (M) 


Se 
EF 


1 1.GENERATE.MESSAGE 
e M2.RECEIVE. MESSAGE. PACKET 


(EVENT) 
(EVENT) 


4. xEVALUATION» QF NETWORK PERFORMANCE (E) 


GLOBAL VARIABLE 
AVE.PPM 
BEG.FEM 
BIT. INTERVAL 


BRACKET 


DELI a 


ERA. PERIOD 


FAM. TIME 


Me me 


Pale 


El. TRANSIENT. BLANKING 
E2.CGLLECT.ODATA 
E3.PARAMETER.LISTING 
EY.NETWORK. PERFORMANCE. REPORT 
E5.BEST.PATH. ROUTING. TABLE 
ES.LINK.WEIJGHT.MATRIX 
E?7. TRAFFIC.OISTRIBUTION (ROUTINE) 


DESCRIPTION: 


(EVENT) 

(EVENT) 

(ROUTINE) 

(EVENT) 
(ROUTINE) 
(ROUTINE) 


(ALPHABETICAL ORDER} 


PACKETS PER MESSAGE 
PACKETS PER MESSAGE (MINIMUM VALUE) 

THE INTERVAL (IN SECONDS} GF THE DISCRETE CLOCK 
WHICH MAY BE USED IN THE SIMULATION. 

THE TIME WINDOW IN WHICH A NODE MAY 

GENERATE AN UPOATE MESSAGE. 

BRACKET WILL EQUAL .1 =» NOO.TIME. 

AVEO OSS ERT AS 1)eweeH BICTATES THE 
MULTIPLICATION FACTGR USED IN WEIGHTING THE 
LINKS WHEN A NODE 15 COMPUTING THE SETTING 

TIME FOR THE “ALARM CLOCK" ASSOCIATED WITH AN 
UPDATE MESSAGE. 

THE TIME LENGTH FOR WHICH A NODE MAINTAINS 17S 
RECOROS OF PREVIGUS UPDATE MESSAGE RETRANSMITS. 
SAME AS NOO.TIME EXCEPT CONCERNS FAMILY 

UPDATES BEING GENERATED BY A SINGLE NODE. 

SAME AS GR.FIRE EXCEPT CONCERNS FAMILY MESSAGE. 
LET FM. FIRE = MAX. FAM.NGDES = U.XMN.TIME. 
THE NUMBER OF FAMILIES. 


(AVERAGE VALUE) 
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*8 


ae 


2 


Le | 


e484 


| 


e484 


a4 


a8 


e8 


GP.FIRE 


GRPS 
GRP. TIME 


HOP.LIMIT 


IN. GROUP 

IN. FAMILY 
LNK.NODE.RATIO 
MAX.FAM.NODES 
MAX. GRP.NODES 
MAX.LINKS.PER.N 
MAX. PPM 


NGFS 
NOCE.FACTOR 


NOO. TIME 


NUL. TRANSIENT 
NUM. OF.WEIGHTS ~ 
NUM. REPORTS. REQ 
PKT.XMN. TIME 
PPS.BEG 

PPS. INC 

PPS. END 

PPS. AYE 

PANT 


0 za22>- 


THE TIME FROM ORIGINATION OF A GROUP UPDATE 
WARNING MESSAGE BY A NODE, AT WHICH ALL NODES 
IN THE SAME GROUP SIMULTANEGQUSLY TRANSMIT THE 
GROUP UPDATE MESSAGE. THIS TIME ALLOWS FOR 
THE WARNING MESSAGE TO PROPAGATE TO ALL NODES 
IN THE GROUP. 

EET Gk.5 IRE u MAX.GRP.NODES = U.XMN.TIME. 
THE NUMBER OF GROUPS. 

SAME AS NOD. TIME EXCEPT CONCERNS GROUP 

UPDATES BEING GENERATED BY A SINGLE NODE. 

THE MAXIMUM NUMBER OF HOPS WHICH AN UPDATE 
MESSAGE CAN TRAVEL WITHIN GROUPS OR FAMILIES 
NOT WITHIN THE GRIGINATOR‘'S BASIC GROUP/FAMILY. 
(1.E. USED FOR ESTABLISHING BORDER NODE PATHS). 
THE PERCENTAGE OF GENERATEO MESSAGES THAT WILL 
NGT LEAVE THE BASIC GROUP. 

THE PERCENTAGE OF GENERATED MESSAGES THAT WILL 
NOT LEAVE THE BASIC FAMILY. 

THE RATIO OF LINKS TO NODES IN THE NETWORK. 
MAXIMUM NUMBER OF NODES PER FAMILY. 

MAXIMUM NUMBER OF NODES PER GROUP. 

CDE THE MAXIMUM NUMBER OF LINKS FOR A NODE 
IN THE NETWORK. 

PACKETS PER MESSAGE (MAXIMUM VALUE} 

(9 OF NODES) + (# OF GROUPS) +. (s OF FAMILIES) 
A NORMALIZATION FACTOR WHICH ALLOWS NETWORKS OF 
DIFFERENT SIZES TO BE COMPARED USING THE 
AVERAGE NUMBER OF PACKETS/SECOND/NODE AS A 
CONSTANT MEASURE OF NETWORK LOADING. FOR 
EXAMPLE, IF A 5S NODE NETWORK IS USED AS THE 
COMPARISON BASE THEN A 10 NODE NETWORK HAS A 
NODE.FACTOR OF ed. 

THE MINIMUM LENGTH OF TIME SETWEEN 

CONSECUTIVE NODE UPDATES BEING GENERATEO 

BY A SINGLE NODE. 

THE TIME WHEN TRANSIENT EFFECTS ARE ERASED FROM 
THE ACCUMULATED VARIABLES. 

THE NUMBER CF MOST RECENT WEIGHTS CONSIDERED 
IN THE COMPUTATION OF THE LINK WEIGHT. 

UESTED THE NUMBER OF NETWORK STATUS REPORTS 
REQUESTED DURING A SIMULATION RUN. 

TIME FOR TRANSMISSION OF A PACKET 

OVER A LINK BETWEEN TWO NODES. 

PACKETS PER SECOND (MINIMUM VALUE) 


: . : (INGREHENT = 3 
ay ’ . (MAX 1 MUM ree) 
es " > (AVERAGE =) 


AN INTEGER WHICH CONTROLS THE LEVEL OF 
DIAGNOSTIC PRINTING. 
NETWORK TOPOLOGY + INITIAL DATA + NET.REPORTS 


pacat 








ee 1] sa2> 0 + 


= eo zaz> }] + 
a QU.FACT 


ee 


SAMPLES 
TIME.LIMIT 


. TRAF LIMIT 


et 


Wis PPE 
U.XMN.TIME 


et 
et 
ie) 
eoeeee8e8 


LET PKT.XMN.TIME 
Bed U.XMN. 1 ME 
LET BIT. INTERVAL 


LET NOO. TIME 
Ee? GRP.TIME 
LET FAM.TIHE 
LET DELTA 

LET ERA.PER? OO 
CET HOP .LIMIT 
LET IN. GROUP 
LET IN.FAMILY 
LET NODE.FACTOR 


oe 

eestes8s8s 80288888 8&8 6°38 09 8 
et 
oe 


Bea TIME.LIMIT 
Bel TRAF.CIMIT 
LET NUL.TRANSIENT 2 


3 saa> oO tf 


TRACES ALL PACKETS 
ANNOUNCES ALL UPDATE “WAKE UPS* WITH BEST PATHS 
ANNOUNCES ORIGINATION, RELAY/ARRIVAL OF 

ALL UPDATE MESSAGES+ ERASURE OF XMT.RECORDS 
WHEN USING THE WEIGHTING METHOO ‘COMBINE® he 
USE A COMBINATION OF THE QUEUE SIZE NOW AND 

THE UTILIZATION FACTOR. THE MAX VALUE OF THE 
UTILIZATION FACTOR TERM IS 20, THEREFORE WE 

USE QU.FACT AS A SCALING FACTOR FOR THE VALUE 
OF THE QUEUE SIZE NOW TERM. 

NUMBER GF DATA POINTS REQUESTED PER RUN. 

THE LENGTH OF TIME FOR WHICH THE SIMULATION 
LASTS. 

THE MAXIMUM NUMBER OF MESSAGES GENERATED 
OURING A SIMULATION RUN. 

TIME INTERVAL FOR WHICH LINK WEIGHTS ARE FOUND. 
TIME FOR TRANSMISSION OF AN UPDATE 

OVER A LINK BETWEEN TWO NCQODES. 


eee dv a2 0282802808080 8082 8 fF 8 HFB8B HF HSCHF HHSC HHFeseseeoee*eeeneeseeeee#e#tre-e#ee#e#e#e8tgs?s?es @® 2 8 


eee 88088888 8 8 8 


FIXEO NETWORK VALUES... 
NOT SUBJECT TO CHANGE WITHIN THE SIMULATION. 


0.05000 
0.00100 
0.000001 


@enpoo of; 88 8B OFF FH HFT HTH HHT SAC HT HF HHT HT HTH HC HFTHE HHT HFC HT HCH HFT HFE HT HHT HC HT HT HEH HBB DB 
e 


VARIABLE PARAMETERS... 
SUBJECT TG CHANGE WITHIN THE SIMULATION. 


0.500 
1.000 
e.C00 
0.00100 
1.000 

0 

0.000 
0.000 


SIMULATION RUN PARAMETERS... 


30.000 
100000 
5.0 





‘* REPORTING AND DATA COLLECTION PARAMETERS... 


LET SAMPLES = 30 
LET NUM.REPORTS.REQUESTED = 1 
LET PRNT - = 0 
88 2-2 -------------- TEST ROUTING -----~--------------------------- 


fe EST : (ALIVE/DEAD) SET WHEN THE BEST PATHS T0 A GIVEN NODE ARE 


s DESIRED. THE SIMULATION STOPS AFTER THESE PATHS ARE FOUND. 
LET TEST = DEAD 

LET TST.NODE = 

te Jone ------- © STATIC ROUTING —------------------------------ 


** STATIC.BP : (ALIVE/DEAD) SET WHEN THE SIMULATION IS TO BE RUN 
.Y USING STATIC ROUTING BASED UPON THE- INITIAL BEST PATHS 
a OBTAINED VIA THE INITIAL LEAST HOPS METHOD. 


EET ouniic.Br = DEAD 


8 2222+ ---~----- DYNAMIC ROUTING --------------------~--------- 


** MANNER GF WEIGHTING MAY BE : (1) BY.QS1ZE.NOW 


“i (2) BY.PAST.QSIZE 

\* Bade (3) BY. PAST. QAVG 

i (4) BY.RHO.WEIGHT 

7° (S) BY.COMBINE 

LET MANNER.GF.WEIGHTING = BY.COMBINE 

LET QU.FACT = 1.00 

LET WT. TIME = PKT.XMN.TIME * 7.5 

LET NUM.OF. WEIGHTS = 10 

SS eee MULTIPLE SIMULATION RUN PARAMETERS ---~----------—--------- 


‘* TF NONE GF THE SPECIAL OPTIONS BELOW ARE SELECTEO THEN THE PROGRAM 
** 1S RUN WITH THE DEFAULT MULTIPLE RUNS INVOLVING VARYING THE 
** PACKETS PER SECOND AND THE PACKETS PER MESSAGE FOR THE NETWORK. 


Seeeor vlON J: VARYING THE NUMBER OF WEIGHTS 


PEO ster. 8Y.NEIGHTS =e DEAD 

“* THE STARTING VALUE IS GIVEN BY THE VARIABLE NUM.OF.WEIGHTS. 
Ben WT.STEPS 2 3 

LET WT.FINISH = 13 
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SET 
LET 
VET 


Ce 


mee 


OPTION 2: VARYING THE TIME BETWEEN NODE UPDATES. 


ST.EP.8Y.NOD.TIME = DEAD 

THE STARTING VALUE IS GIVEN BY THE VARIABLE NOD.TIME. 
ND. STEPS = 0.25 

ND. FINISH = 1.5 


a VIRTUAL CIRCUITS ~------------------------------ 


THE SIMULATION MAY BE RUN USING VIRTUAL CIRCUITS (WHEREBY ALL 
PACKETS BELONGING TO THE SAME MESSAGE TAKE THE SAME ROUTE) OR 
NOT (WHEREBY PACKETS TRAVEL ACCORDING TO CURRENT BEST PATH 
INFORMATION AND PACKETS BELONGING TO THE SAME MESSAGE MAY 
INDEED TAKE DIFFERENT ROUTES). 


USE.VIRT.CKTS = DEAD 
See oe en TIQSARUE TUGER. oS ee ea 


THIS OPTION ALLOWS THE SIMULATION TO BE RUN USING A DISCRETE 
CLOCK SYSTEM WHICH ACCOUNTS FOR THE SYNCHRGNIZATION PRESENT 
IN THE NETWORK. BASICALLY A NODE IS GNLY ALLGWED TO TRANSMIT 
EITHER UPDATE OR MESSAGE PACKETS AT SPECIFIC DISCRETE PINTS 
IN TIME. ALL NODES ARE “SYNCHRONIZED" AT THE START OF THE 
SIMULATION AND THEREAFTER THE CLOCK “PERIGD" 15 SET EQUAL TO 
THE TIME IT TAKES FOR AN UPDATE PACKET TO BE SENT. THUS ALL 
PACKETS WILL BE TRANSMITTED AT TIMES EQUAL TO N « U.XMN.TIME 
(WHERE N IS AN INTEGER). 


DISCRETE. TIMER = DEAD 
------ SYNCHRONIZED GROUP/FAMILY UPDATE XMTS  -----~------------- 


THE SIMULATION CAN BE ARUN UNDER THE SYSTEM WHERE GROUP AND FAMILY 
UPDATE MESSAGES ARE SIMULTANEQUSLY SENT BY BORDER NODES OF THE BASIC 
UNIT TO “QUTSIDE* NOOES. THIS IS BASED UPON A SYNCHRONIZED SCHEDULE 
OF UPDATE “FIRINGS™ WHICH DO NOT REQUIRE THE WARNING MESSAGES THAT 
NOTIFY OF FUTURE UPDATE TIMES UNDER THE STANDARD SCHEME. 

THIS GREATLY REDUCES THE UPDATE OVERHEAD DUE TO ‘FLOODING’ GF 


- WARNING MESSAGES WITHIN THE BASIC UNIT. 


SYNCH.FIRING = DEAD 





~- TRAFFIC PARAMETERS 


ae ee ee ee 


be, PPS.BEG = 100. »« £REAL.F (NODE.FACTGOR) 


EET 
Ly af 


Pr.) NE 3 LOGi e.* REAL.F (NODE.FACTOR) 
Bio. eND = 500. «x REAL.F (NODE.FACTOR) 
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** THE SIMULATION MAY BE RUN USING EITHER A UNIFORM OR A GEOMETRIC 

** DISTRIBTIOGN FOR THE NUMBER OF PACKETS PER MESSAGE. IF A UNIFORM 

** DISTRIBUTION IS SELECTED THEN THE PPM VARIABLE BELOW IS THE 

** MAXIMUM VALUE FOR THE UNIFORM DISTRIBUTION GF MESSAGE LENGTHS 

*s (1.E. THE MESSAGE LENGTHS WILL VARY UNIFORMLY FROM 1 TO PPM PACKETS 
‘“s IN LENGTH). THEREFORE THE AVERAGE MESSAGE LENGTH WILL BE 

**s (PPM + 1)/2 PACKETS LONG. IF THE GEOMETRIC DISTRIBUTION IS 

** SELECTED THEN THE PPM VARIABLE CORRESPONDS TG THE AVERAGE LENGTH 

‘* QF A MESSAGE IN PACKETS. 


LET BY.GEOM.DIST = ALIVE 


PET OeG. crn 2 5. 
LET INC. PPM = _. 
CET END.PPM 3 20. 


** COMPUTE THE NUMBER OF RUNS WHICH WILL BE MADE. 


LET IPPM = 1 
LET XCOUNT = BEG.PPM 
“RUN. PPM * 
LET XCOUNT = XCOUNT + INC.PPM 
IF XCOUNT <= END.PPM, 
Cet leet? LIPeM © 4 
GO RUN.PPM 
REGARDLESS 
PET IMSG = ] 
LET XCOUNT 
“RUN. MSG °* 
LET XCQUNT = XCOUNT + PPS.INC 
IF XCQUNT <= PPS.END, 
LET IMSG = IMSG + 1 
GO RUN.MSG 
REGAROLESS 
LET NUMRUNS = IPPM » IMSG 
Peover. oO). ME 1GHIS = ALIVE, 
LET NUMRUNS = 1] 
LET XCOUNT = NUM.OF.WEIGHTS 
“AT.HERE * 
LET XCOUNT = XCOUNT + WT.STEPS 
IF XCQUNT > WT.FINISH, 
GO WT.END 
REGARDLESS 
LET NUMRUNS = NUMRUNS + ! 
GG WT. HERE 


PPS.SEG 


ND 
on 
es 





*WT.END® 
REGAROLESS 
HReOlscr. OVoNGOarIME » ALIVE, 
LET NUMRUNS = 1 
LET XCOUNT = NOD.TIME 
*ND.HERE ° 
LET XCOUNT = XCOUNT + ND.STEPS 
IF XCOUNT > NO.FINISH, 
GO NO.END 
REGARDLESS 
LET NUMRUNS 2 NUMRUNS + 1 
GO NO.HERE 
*ND.END* 
REGAROLESS 


USE UNIT 8 FOR OUTPUT 
WRITE NUMRUNS AS I 5 
USE UNIT 6& FOR OUTPUT 


PERFORM P1.BUILD.NETWORK 
RELEASE P1.BUILO.NETWORK 


a? 


** THE INITIAL VALUES FOR THE FIRST SIMULATION RUN ARE COMPUTED. 


PelieGr.r [AE = ‘MAX.GRP.NODES « U.XMN.TIME . 
mer PM. FIRE = MAX.FAM.NODES = U.XMN.TIME 


LET BRACKET = NOD.TIME »« Q.1 
LET PPS.AVE = PPS.BEG 
LET MAX.PPM = BEG.PPM 
LET AVE.PPM = (1.0 + MAX.PPM) / 2. 
IF 3Y.GEOM.DIST = ALIVE, 

LET AYE.PPM = MAX.PPM 
REGARDLESS 


LET MSG.GENERATICN. INTERVAL = AVE.PPM / PPS.AVE 


** “TEST PROCEDURE 
Meteo) =) ALIVE, 
LEY TIME .MIT = 100.0 
LET INIT.BP = ALIVE 
LET DELTA = 1.0 
LET U.XMN.TIME = 0.0 
SCHEDULE A U1.GENERATE.UPDATE GIVEN 
GO RUN.IT 
REGARDLESS 


LET INIT.BP = ALIVE 


i) 


PERFORM P3.INITIAL. ROUTING. TABLE 


Zo) 


“tsl.NGDE, 


NOO.MSG AT 0.0 








GO RUN.IT 


“BEGIN. SIMULATION‘ 


** INITIALIZE THE BEST PATH MATRIX. 
FOR I = 1 TO NGFS, OO 
FOR J = 1 TO NGFS, O00 
LET BEST.PATH(I,J) = DUP.BEST.PATH (I, J) 
LOOP 
LOOP 


Poe1.UP* 


** RECORD PLOT INFORMATION PRIOR TO OATA COLLECTION. 

USE UNIT 8 FOR OUTPUT 

Mais SAMPLES, NenGue, LINKS, DELTA, PPS.AVE, AVE. PPM, 
NOO.TIME, IN.GROUP, IN.FAMILY, STATIC.BP, 
MANNER. OF WEIGHTING, NUM.OF WEIGHTS, WI.TIME, 
U.XMN. TIME, PKT.XMN.TIME, BIT. INTERVAL, PR.COLLISION, 
USE. VIRT.CKIS, DISCRETE.TIMER, SY.COLLISION, 8Y.GEOM.015T 
hom, joenrce! S,o 0(10,5),/,6 1,3 0(110,3).1 1 5,/,8 1, 
elo. O(l0,0),./.5 1,4 0110.6) .4 1°35 

USE UNIT & FOR OUTPUT - 


** RUNNING THE SIMULATION USING STATIC BEST PATHS 
IF STATIC.BP = ALIVE 

PERFORM PY.STATIC. EVENTS 

GO RUN.IT 
REGAROLESS 


PERFORM PS.OYNAMIC.EVENTS 


RUNG IT . 


START SIMULATION 

Nessie Sie ewe ive, 
PERFORM ES.BEST. PATH. ROUTING. TABLE 
GO END.IT 

REGARDLESS 


IF INIT.BP = ALIVE 
PERFORM ES.8EST.PATH. ROUTING. TABLE 
PERFORM P&.PURGE. EVENT. QUEUE 
PERPOURHeP?7.2ERO)] ZE.SETS 





LET PRNT = Q 
LET INIT.BP = DEAD 
PERFGRM E3.PARAMETER.LISTING 
GO SET.UP 
REGARDLESS 


PEnbonM PF ?.2ehOl2e.5615 

** THE SIMULATION MAY BE RUN USING A DIFFERENT NUMBER OF WINDOWS FOR 
** COMPUTING THE WEIGHTS OF THE LINKS. IN THIS WAY ONE CAN SEE THE 

** EFFECTS GF VARYING WEIGHT LENGTHS IN THE OPERATION OF THE SYSTEM. 


IF STEP.BY.WEIGHTS = ALIVE, 


LET NUM. OF .WEIGHTS = NUM. OF.WEIGHTS + WT.STEPS 
IF NUM. GF.WEIGHTS > WT.FINISH, 
GO ENO.IT 

REGARDLESS 

GO BEGIN. SIMULATION 
REGAROLESS 
** “THE SIMULATION MAY BE RUN USING A DIFFERENT TIME SETWEEN 
** NODE UPDATES. IN THIS WAY ONE CAN SEE THE cCFFECTS OF CHANGING 
** THE “SPEEO* AT WHICH THE NETWORK PRODUCES ROUTING INFORMATION. 


IF ST.EP.BY.NGO.TIME = ALIVE, 

LET NOO.TIME = NOD. TIME + NO.STEPS 

IF NOO.TIME > NO.FINISH, 

GO END.1T 

REGARDLESS 

GO BEGIN. SIMULATION 
REGAROLESS 
** THE SIMULATION CAN BE REPEATED USING A CHANGING MESSAGE 
*" GENERATION INTERVAL CONTROLLED BY AN INCREMENTAL SUM. IN THIS 
* “MANNER THE NETWORK CAN BE TESTED UNDER DIFFERENT TRAFFIC LOAD 
* CONDITIGNS WHILE HOLOING CONSTANT THE OTHER NETWORK PARAMETERS. 


Bey PRS. AVE c= PPS.AVE * PPS. INC 


@ 


lf PPS.AVE <= PPS.END, 
LET 4SG.GENERATIGN. INTERVAL = AVE.PPM / PPS.AVE 
GO BEGIN. SIMULATION 
REGAROLESS 
‘s AFTER THE SIMULATION IS PERFORMEO USING DIFFERENT MESSAGE 
** GENERATION INTERVALS, THE SIMULATION CAN BE RUN AGAIN USING 
** A NEW VALUE FOR EITHER THE MAXIMUM PACKETS PER MESSAGE ALLOWED 





‘* (IF A UNIFORM OISTRIBUTION FOR MESSAGE LENGTHS 15 USED) OR A 
‘* NEW VALUE FOR THE AVERAGE MESSAGE CENGTH (IF A GEOMETRIC 

* DISTRIBUTION FOR MESSAGE LENGTHS 15 USED). 

LET PPS.AVE = PPS.BEG 

LET MAX.PPM = MAX.PPM + INC.PPM 


¢ 


IF MAX.PPM <= END.PPM,. 
LET AVE.PPM = (MAX.PPM + 1.0) / 2. 


IF B8Y.GEOM.DIST = ALIVE, 
LET AVE.PPM = MAX.PPM 
REGARDLESS 
LET MSG.GENERATION. INTERVAL = AVE.PPM / PPS.AVE 
GO BEGIN.SIMULATION 
REGARDLESS 
“END. IT" 
STOP 


. i | 


END **OF MAIN 
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ROUTINE FOR P1.BUILD.NETNORK 

*“* THIS ROUTINE INITIALIZES ALL THE VARIABLES WHICH ARE INVOLVED 
*“* IN THE ACTUAL CONSTRUCTION OF THE NETWORK. 

** THIS ROUTINE 15 CALLED FROM ‘MAIN®. 

DEFINE GRPCOUNT, FAMCOUNT AS REAL VARIABLES 


READ N.NODE 

START NEW PAGE 

SKIP 5 LINES 

PRINT 6 LINES AS FOLLOWS 
HRRASRAAASASRAGSVRHHAKTAHHCVAHAHSAHSAH RSH AAURHAHHRBSKARSVVAA 
“BSunaguanaauuuunzanuana NETWORK TOPOLOGY sun uzannanananannananes 


VBRRARNRKAARAA ANWAR ARKTRSTRATARATTRARARHAAAKTARASRARKRARAKRKRARAKRARARAARARAARAAAIW 


NODE TRANSMIT RECEIVE GROUP FAMILY CPTIONAL 
NG. FACTOR FACTOR (PGM a) (PGM =) RECEIVER 
SKIP 1 LINE 


CREATE EVERY NODE 

FOR EVERY NODE 

READ XMT.PEARCENT (NGDE), RCV.PERCENT (NGDE}, GROUP (NGDE), FAMILY (NGDE), 
OPT. ACV (NDE) 


*¢@ 


a TRNS.PCNT AND RCV.PCNT ARE THE SUM GF TRANSMIT AND RECEIVE FACTORS. 


Dh 
cs 
CO 





** “THESE VALUES ARE USEO WHEN UNBALANCED TRAFFIC PATTERNS ARE DESIRED. 
ao GROUP NUMBERS ARE ADDED TO N.NODE TO GET PROGRAM GROUP NUMBERS. 

‘* FAMILY NUMBERS ARE ADDED TO N.NODE + THE HIGHEST GROUP NUMBER TO GET 
*‘* THE PROGRAM FAMILY NUMBER. 

2 THE OPTIONAL RECEIVER FOR EACH NODE IS A DEDICATEO RECEIVING NODE 
‘* FOR ALL TRAFFIC TRANSMITTEO BY THAT NODE. FOR EXAMPLE IF THE 

** OPTIGNAL RECEIVER OF NODE 3 IS NODE 7? THEN ANY TRAFFIC GRIGINATING 
** FROM NODE 3 WILL BE DESTINEO FOR NODE ?. IN THIS WAY SPECIFIC 

‘* IMBALANCED LOAD CONDITIONS CAN BE SIMULATED. IF NO OPTIONAL 

** RECEIVER IS STATEO THEN THE VALUE IS ZERO. 


** WITHIN THE SIMULATION GROUPS AND FAMILIES ARE HANDLED AS IF 


had THEY WERE SUPER-NCOES. A USEFUL ANALOGY IS TO 

aaa ENVISION MANY SUB-NODES WITHIN A GROUP OR FAMILY SUPER- 
-: NODE. ACCESS TO THE SUB-NODES 1S CONTROLLEO BY THE 

a THE SUPER-NODE*S ADDRESS. 

EEL GRPS . NONE 

Set FMLYS a NONE 

LET NGFS = NONE 


LET GRPCOUNT 3 0.0 
LET FAMCOUNT = 0.0 


FOR EVERY NOOE, O86 
LET TRNS.PCNT = TRNS.PCNT + XMT.PERCENT (NOOE?} 
LET RCV.PCNT 2 RCV.PCNT + RCV.PERCENT (NOOE) 
IF GRPS < GROUP (NODE) 
LET GRPS = GROUP (NODE) 
REGAROLESS 


‘* SET PROGRAM GRP NUM 


LET GROUP (NODE) = GROUP (NODE) + N.NOOE 
LOOP 


RESERVE FAM.OF.GRP(™} AS (GRPS + N.NOQDE + 25) 
FOR EVERY NOOE, OO 
IF FMLYS < FAMILY (NOOE) 
LET FMLYS = FAMILY (NODE) 
REGAROLESS 


‘“* SET PROGRAM FAM NUM 
LET FAMILY (NGDE} = N.NOOE + GRPS * FAMILY (NODE) 
LET FAM.OF.GRP (GROUP (NODE)}} = FAMILY (NCOE) 
LOOP 
PED NGES *seN.NCDE -+ GRPS + FMLYS 
RESERVE BEST.PATH (=.=) AS NGFS BY NGFS 
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RESERVE 


ee 


ee 


THE 
THE 


Le 


RESERVE 
RESERVE 
RESERVE 
RESERVE 


as 


DUP.BEST.PATH(=,*) AS NGFS BY NGFS 

FOLLOWING ARRAYS ARE USED TO HOLD INFORMATION CONCERNING 
STATISTICS GN THE TRAFFIC BETWEEN NODE PAIRS. 

BORN. PKTS (*, =) AS N.NGDE BY N.NGDE 
GONE. PKTS («,%) AS N.NODE BY N.NODE 
JUMP. TOTAL («,*) AS N.NGDE BY N.NODE 
LENGTH. TRIP (=x,x) AS N.NODE BY N.NODE 


FOR EVERY NODE, O86 


PRINT 1 LINE WITH NODE, 


XMT.PERCENT (NODE), RACVY.PERCENT (NODE), 


(GROUP (NGDE) - N.NGDE), GROUP (NODE), 
(FAMILY (NODE) - N.NGDE - GRPS) AND FAMILY (NODE), 
OPT.ACV (NODE) AS FOLLOWS 
me md, CE OE ot, OO oe (9094) ane (3090) > 4 
SKIP 1 LINE 
LOOP 
SKIP 1 LINE 


8 


LET MAX.GRP.NODES = 
LET MAX.FAM.NODES = 


#e 


COMPUTING THE MAXIMUM NUMBER OF 


NODES PER GRP AND NODES PER FAM. 


0.0 
0.0 


FOR I = N.NODE + 1 TO N.NQDE + GAPS, ODO 


FGR EACH NODE, 


LOOP 


WITH GROUP (NODE) = I, OG 
COMPUTE GRPCOUNT AS THE NUMBER OF GROUP (NODE) 


IF MAX.GRP.NODES <.GRPCOUNT, 


LET MAX.GRP.NCDES 2 GRPCCUNT 


REGAROLESS 


LOOP 


FOR J = N.NODE + GRPS + 1 TO NGFS, O00 


FOR EACH NODE, 


LOOP 


WITH FAMILY (NGDE) = J, OG 
COMPUTE FAMCQUNT AS THE NUMBER SF FAMILY (NODE) 


IF MAX.FAM.NQDES < FAMCOUNT, 


LET MAX.FAM.NGDES = FAMCOUNT 


REGARDLESS 


LOGP 


ee 


PERFORM P2.CONNECT.LINKS 
RELEASE P2.CONNECT.LINKS 


ee 


PERFORM ES.LINK.WEIGHT.MATRIX 


RETURN 


NO 
©) 
Cc) 





END ‘*‘OF P1.BUILD. NETWORK 
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ROUTINE FOR Pe. CONNECT.LINKS 

** “THIS ROUTINE HANDLES THE ASSIGNMENT OF LINKS FOR EACH NODE 
** (ILE. THE ESTABLISHMENT OF THE BASIC NETWORK TOPOLOGY). 

** THIS ASSIGNMENT 1S ACCOMPLISHED THROUGH THE USE GF SETS. 
** EACH NGDE OWNS A LINK SET WHICH CONTAINS THE IDENTITY OF 
** ALL NEIGHBOR NODES. 


et VARIABLE DESCRIPTION: 
:* LINKS TOTAL NUMBER OF LINKS FOR THE NETWORK 
oe (ALL LINKS ARE FULL-DUPLEX) 


DEFINE FIRST.NODE, SECOND.NODE, QFST, QSEC AS VARIABLES 


READ LINKS 


LET LNK.NOD.RATIO = REAL.F (@xLINKS) /REAL.F (N. NODE} 
FOR 1 = 1 TO LINKS DOO 
READ FIRST.NODE, SECONO.NOOE, QFST, QSEC 
CREATE A LINK 

LET STATUS(LINK) = IDLE 

LET TERM(LINK) = SECOND.NODE 

LET QTEST (LINK) = QFST 

LET UPCOUNT (LINK) = NONE 

FILE LINK IN LINK. SET (FIRST.NODE) 
CREATE A LINK 

LET STATUS(LINK) = IDLE 

LET TERM(LINK) = FIRST.NODE 

LET QTEST (LINK) = QSEC 

LET UPCOUNT (LINK) = NONE 

FILE LINK IN LINK.SET (SECOND. NODE) 
LOOP 


LET MAX.LINKS.PER.NODE = Q.0 
FOR EACH NODE, DO 
IF MAX.LINKS.PER.NODE < REAL.F (N.LINK.SET (NODE) } 
LET MAX.LINKS.PER.NOOE = REAL.F (N.LINK.SET (NODE) ) 
REGAROLESS 
LCGOP 
RETURN 
END “*OF P2.CONNECT.LINKS 
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ROUTINE FOR P3. INITIAL. ROUTING. TABLE 





: 


REGARDLESS 
IF FAMILY(NODE) IS NOT EQUAL TO SAME.FAMILY, 


a HAVE ONLY GNE NODE PER FAMILY GENERATE A FAMILY UPDATE. 


LET NOD.WAIT = UNIFORM.F (0.0,BRACKET, 6) 
SCHEDULE A U1.GENERATE.UPDATE GIVEN NODE, FAM.MSG IN 
NOD.WAIT UNITS 


LET SAME.FAMILY = FAMILY (NODE) 


REGARDLESS 
‘TRY. AGAIN * 


EgUP 


RETURN 
END ““OF P3. INITIAL. ROUTING. TABLE 
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ROUTINE FOR PY.STATIC. EVENTS 

** THIS ROUTINE IS USED FOR RUNNING THE SIMULATION USING STATIC 

** ROUTING AS DETERMINED BY THE INITIAL BEST PATH MATRIX DETERMINED 

** PRIOR TO THE START OF THE RUN. 

** PACKET MESSAGES ARE GENERATED USING AN EXPONENTIAL- INTERARRIVAL 

"* RATE. 

SCHEDULE A M1.GENERATE.MESSAGE GIVEN REGULAR IN 
EXPONENTIAL.F (MSG. GENERATION. INTERVAL, 8) UNITS 


** DATA IS COLLECTED AT REGULAR TIME INTERVALS. 


SCHEDULE A E2.COLLECT.DATA IN (TIME.LIMIT/REAL.F (SAMPLES)) UNITS 


** “REPORT DATA SUMMARIES MAY BE REQUESTED AT THE USER'S DESCRETION. 
SCHEDULE A EY.NETWORK.PERFCRMANCE.REPORT IN 
(TIME.LIMIT/REAL.F (NUM.REPORTS.REQUESTED)) UNITS 


‘* “THE TRANSIENT EFFECT OF THE NETWORK IS ELIMINATED AFTER 10 SECONDS. 


SCHEDULE A £1. TRANSIENT.BLANKING IN NUL.TRANSIENT UNITS 
RETURN 
END OPER. STATIC. EVENTS 


a atatat StS cated a tt Satta tat atatet tetetetetetetatetatatatetateteteteteteteateteatatetetetetetetetetatetetatateteteteteteteteal 


ROUTINE FOR PS. DYNAMIC. EVENTS 








** THIS ROUTINE SCHEOULES EXACTLY ONE UPDATE MESSAGE FOR EACH NODE, 
** GROUP, AND FAMILY WITHIN THE NETWORK. IN THIS WAY, THE INITIAL 

°* BEST PATH MATRIX CAN BE OBTAINED BY RUNNING THE SIMULATION 

** (WITHOUT ADDITIGNAL TRAFFIC BEING GENERATED). OURING SUBSEQUENT 
** RUNS, THIS BEST PATH MATRIX IS USED AS THE INITIAL ROUTING 

** CONDITION FOR THE NETWORK. 


DEFINE SAME.GROUP, SAME.FAMILY AS VARIABLES 

DEFINE NOO.WAIT, GRP.WAIT, FAM.WAIT AS REAL VARIABLE 

LET SAME.GROUP = NONE 

LET SAME.FAMILY = NONE 

LET GRP.WAIT = UNIFORM.F (0.0, BRACKET, 2} 

LET FAM.WAIT = UNIFORM.F (0.0,BRACKET, 3) 

SKIP 2 LINES 

FOR EACH NODE, OO 
LET NOO.WAIT = UNIFORM.F (0.0,8RACKET, 6) 
SCHEOULE A U!.GENERATE.UPDATE GIVEN NODE, NOO.MSG IN 

NOD.WAIT UNITS 


IF GRPS = 1, 
GO TRY.FAMILIES 
REGARDLESS 
IF SYNCH.FIRING = ALIVE, 
SCHEDULE A U7.UNIT.FIRING GIVEN NODE, GRP.MSG, GROUP (NODE), 
GRP.WAIT IN GRP.WAIT UNITS 
GO TRY.FAMILIES , 
REGARDLESS 
IF GROUP (NODE) 1S NOT EQUAL TO SAME. GROUP, 


ny HAVE ONLY ONE NODE PER GROUP GENERATE A GROUP UPDATE MESSAGE. 


LET NOD.WAIT 2 UNIFORM.F (0.0, 8RACKET, 5S) 
SCHEDULE A UIL.GENERATE.UPDATE GIVEN NODE, GRP.MSG IN 
NOO.WAIT UNITS 


LET SAME.GROUP 2 GROUP (NODE) 
REGAROLESS 
“TRY.FAMILIES* 


IF FMLYS @ 1, 
GO TRY.AGAIN 
REGAROLESS 
IF .SYNCH.FIRING = ALIVE, 
SCHEBULE A U?.UNIT.FIRING GIVEN NODE, FAM.MSG, FAMILY (NODE), 
FAM.WAIT IN FAM.WAIT UNITS 
GO TRY.AGAIN 
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** THIS ROUTINE SETS THE “STAGE™ FOR THE START OF THE SIMULATION 

** BY SCHEOULING ALL INITIAL EVENTS. 

DEFINE NN. TIME, GG.TIME, FF.TIME, GRP.WAIT, FAM.WAIT- AS REAL VARIABLES 
DEFINE SAME.GROUP, SAME.FAMILY AS VARIABLES 

LET SAME.GROUP = NONE 

LET SAME.FAMILY = NONE 

LET GRP.WAIT 2 UNIFORM.F (0.0,GRP.TIME, 2) 

LET FAM.WAIT = UNIFORM.F (0.0,FAM. TIME, 3) 


FOR EACH NODE, O00 
LET NN.TIME = UNIFORM.F (0.0,N00.TIME,2) 
LET GG.TIME = UNIFORM.F (0.0,N00. TIME, 7) 
CET ER. TIME = UNITE CRM. F (G20,N00. TIME, S) 
1F GISERETE- TIMER = ALIVE. : 
LET NN. TIME = (TRUNC.F (NN. TIME/BIT.INTERVAL) = BIT. INTERVAL) 
+ U.XMN. TIME 
LET GG.TIME = (TRUNC.F (GG. TIME/BIT.INTERVAL) = BIT. INTERVAL) 
> UL XMN. TIME 
LET FF.TIME = (TRUNC.F (FF.TIME/BIT. INTERVAL) =» BIT. INTERVAL) 
+ U.XMN.TIME 
REGAROLESS 
SCHEOULE A U1.GENERATE.UPOATE GIVEN NODE, NOO.MSG IN 
NN.TIME UNITS 


IF GRPS = 1, 
GO TRY.FAMILIES 
REGARDLESS | 
IF SYNCH.FIRING = ALIVE, 
SCHEOULE A U7.UNIT.FIRING GIVEN NGOE, GRP.MSG, GROUP (NODE). 
GRP.WAIT IN GRP.WAIT UNITS 
GO TRY.FAMILIES 
REGAROLESS 
IF GROUP (NGDE) 1S NOT EQUAL TG SAME.GROUP 


| HAVE ONLY ONE NODE PER GROUP BE THE GENERATOR OF 
=e GROUP WARNING MESSAGES. 


SCHEOULE A U!.GENERATE.UPOATE GIVEN NCOE, GRP.MSG IN 
GG.TIME UNITS 


LET SAME.GROUP = GROUP (NCOE) 


REGAROLESS 
“TRY .FAMILIES* 


ie) 
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IF FMLYS S, 
GO TRY.AGAIN 
REGARDLESS 
IF SYNCH.FIRING = ALIVE.- 
SCHEDULE A U7. UNIT.FIRING GIVEN NODE, FAM.MSG, FAMILY (NODE), 
FAM.WAIT IN FRAM.WAIT UNITS 
GO TRY.AGAIN 
REGARDLESS 
IF FAMILY (NGDE) IS NOT EQUAL TO SAME.FAMILY, 


vs HAVE ONLY GNE NODE PER FAMILY BE THE GENERATGR OF 
vs FAMILY WARNING MESSAGES. 


SCHEDULE A U1.GENERATE.UPDATE GIVEN NODE, FAM.MSG IN 
FF.TIME UNITS | 


LET SAME.FRMILY = FAMILY (NODE) 


REGARDLESS 
“TRY.AGAIN* 


LOOP 
*“* PACKET MESSAGES ARE GENERATED USING AN EXPONENTIAL INTERARRIVAL 
"* CRATE. 
SCHEDULE A M1.GENERATE.MESSAGE GIVEN REGULAR IN 
EXPONENTIAL.F (MSG.GENERATION. INTERVAL, 8) UNITS 


** DATA IS COLLECTED AT REGULAR TIME INTERVALS. 


SCHEDULE A E2.COLLECT.DATA IN (TIME.LIMIT/REAL.F (SAMPLES)) UNITS 
‘“* REPORT DATA SUMMARIES MAY BE REQUESTED AT THE USER'S DESCRETION. 
SCHEDULE A EY.NETWORK.PERFORMANCE.REPORT IN 

(TIME LIMIT/REAL.F (NUM.REPORTS.REQUESTED)) UNITS 


*“* LINK WEIGHTS ARE CALCULATED AT REGULAR TIME INTERVALS. 


SCHEDULE A US.LINK.WEIGHT.CALCULATION IN WT.TIME UNITS 


** “THE TRANSIENT EFFECT OF THE NETWORK IS ELIMINATED AFTER 10 SECCNDS. 


SCHEDULE A E1.TRANSIENT.BLANKING IN NUL.TRANSIENT UNITS 
RETURN 
END ““OF PS. OYNAMIC.EVENTS 
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ROUTINE FOR P6.PURGE.EVENT. QUEUE 


fas THE FOLLOWING SUBROUTINE CANCELS AND/OR DESTROYS ALL ENTITIES 


i AND EVENTS WHICH REMAIN IN THE TIMING ROUTINE AFTER 

oe TIME.V = TIME.LIMIT. SINCE THIS ACTION EMPTIES THE 

a TIMING ROUTINE, CONTROL OF THE PROGRAM IS RETURNED TO THE 
= STATEMENT FOLLOWING “START SIMULATION*® IN THE ““‘MAIN® 

as PROGRAM. 


DEFINE ITEM], ITEMe, ITEM3 AS VARIABLES 

** PRINT 1 LINE WITH TIME.V AS FOLLOWS 

** -wsarvzasas DESTRUCTION RUN AT xx. mmc SECONDS sunnnananaaa 

FOR EACH US.NODE.WAKE.UP IN EV.S(I1.U6.NODE.WAKE.UP), 00 
CANCEL THE U6.NODE.WAKE. UP 
DESTROY THE U6.NODE.WAKE.UP 

LOOP 

FOR EACH U8. ERASE. RECORD IN EV.S(1.U8. oleae RECORD), OBO 
CANCEL THE U8.ERASE.RECORD 
DESTROY THE U8.ERASE.RECORD 

LOOP 

FOR EACH U1.GENERATE.UPDATE IN EV.S(].U1.GENERATE.UPDATE), 090 
CANCEL THE U1.GENERATE.UPDATE 
DESTROY THE U1.GENERATE. UPDATE 

LOOP 

FOR EACH U7.UNIT.FIRING IN EV.S(I.U7.UNIT.FIRING), DO 
CANCEL THE U?7.UNIT.FIRING 
DESTROY THE U?7.UNIT.FIRING 

LOOP 

FOR EACH UY.RECEIVE.UPDATE IN EV.S(I.UY.RECEIVE. UPDATE), DO 
CANCEL THE UY.RECEIVE.UPDATE 
DESTROY THE UY.RECEIVE.UPDATE 

LOOP 

FOR EACH Me. RECEIVE.MESSAGE.PACKET IN 
EV.S(].Me. RECEI VE.MESSAGE.PACKET), O90 
CANCEL THE Me. RECEIVE.MESSAGE. PACKET 
DESTROY THE Me. RECEIVE. MESSAGE. PACKET 

LOOP 

FOR EACH -41.GENERATE.MESSAGE IN EV.S(1.M1.GENERATE.MESSAGE), DO 
CANCEL THE M1.GENERATE. MESSAGE 
DESTROY THE M1.GENERATE. MESSAGE 

LOOP 

FOR EACH EG.NETWORK.PERFORMANCE.REPORT IN 
EV.S(1.E4.NETWORK.PERFORMANCE.REPORT), DO 
CANCEL THE EY.NETWORK.PERFORMANCE.REPORT 
DESTROY THE EY.NETWORK. PERFORMANCE. REPORT 

LogP 

FOR EACH Ee. COLLECT.DATA IN EV.S(I.Ee.COLLECT.DATA), O89 
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CANCEL THE E2.COLLECT.BATA 
DESTROY THE E2.COLLECT.OATA 

LOOP 

FOR EACH US.LINK.WEIGHT.CALCULATION IN 
EV.S(I.US.LINK.WEIGHT.CALCULATION), DO 
CANCEL THE US.LINK.WEIGHT.CALCULATION 
DESTROY THE US.LINK.WEIGHT. CALCULATION 

LOGP 

FOR EACH E1.TRANSIENT.BLANKING IN EV.S(1.E1. TRANSIENT. BLANKING), OC 
CANCEL THE £1. TRANSIENT. BLANKING 
DESTROY THE E1. TRANSIENT. BLANKING 

LOOP 


RETURN 
ENG °““OF PG. PURGE SEVENM. QUEUE 
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a4 


AGUTINE FOReP?7.ZERGIZE.SETS 
THIS MOUTPNE CLERRS ALE SETS OF THEIR@MEMBERS AND ZERGIZES THE 
** TIMING ROUTINE FOR- THE SIMULATION WHICH ALLOWS FOR MULTIPLE RUNS. 


DEFHWE ITEM), iTEMe., ITEMS, 1, J AS VARIABLES 


a8 


WET TIME. V = 0.0 


POR EVERY NODE. OC 
POR ERG eM] INGYIRT.EKT.CIST(NGBE), O00 
ABMOVE SITEMI FROM VIRT.CKT.LIST (NODE) 
DESTAGY CIREUIT CABLED ITEM! 
LOOP 
FOR ERCH ITEM] IN XMT.RECORO (NODE), O00 
REMOVE ITEM] FROM XMT.RECORD (NODE) 
DESTROY RECCRO CALLEO ITEM! 
LOOP 
FOR EACH ITEM! IN ALARM.CLOCK (NODE), CO 
REMOVE ITEM) FROM ALARM. CLOCK (NODE) 
memneGRHCH ITEMS IN BUZ.LISTCITEM1), 60 
hemere ITENS FREA SUZ.LIST (TEM?) 
HESINOY BUZN@UE CALLEO ITEMe2 
LOOP 
DESWAOYT BUZZER CALLED ITEM! 
LOUr 
PQGRSERGHO ITEM] Iw LINK. SETMNQDE), O00 
FORSERGH 1TeH2 Ine QUEUE TITEM1), OO 
REROWE Tene FROM QUEUE (1 TEMD) 
AeSer Gee TOTRLS GF LIFETIME (ITEM2) AND GSTAT (ITEMe) 
DESTROY PACKET CALLED ITEMe 
LOOP 


ND 
OD 
| 





FOR EACH ITEMe IN UQUEUE (ITEM1), DO 
REMOVE ITEM2 FROM UQUEUE (ITEM]) 
DESTROY UPDATE CALLED ITEMe 

LOOP 

LET STATUS (ITEM1) -2 IDLE 

LET UPCOUNT (ITEM1) = NONE 

LET PTCOUNT (ITEM!) = NONE 

RESET THE TOTALS OF STATUS CITEM1), N.QUEUE (CITEM]), 
N.UPROP.QUEUE (I1TEM1), N.UQUEUE (ITEM1), N.PROP.QUEUE (ITEM1) 

FOR EACH ITEMe IN PROP.QUEUE (ITEM1), 00 
REMOVE ITEM2 FROM PROP.QUEUE (I1TEM1) 
RESET THE TOTALS OF LIFETIME CITEM2) AND QSTAT C(ITEM2) 
DESTROY PACKET CALLED ITEMe 

LOOP 

FOR EACH ITEMe IN UPROP.QUEUVECITEM1), 00 

' REMOVE ITEM2 FROM UPROP. QUEUE (ITEM1) 

DESTROY UPDATE CALLED ITEMe 

LOOP 

FOR EACH ITEMe IN SET.OF. .WEIGHTSCITEM1), DO 
REMOVE ITEM2 FROM SET.OF.WEIGHTS (ITEM1) 
DESTROY WEIGHT CALLED ITEMe 

LOOP 

RESET THE TOTALS OF QUESIZ C(ITEM1) 

LOOP 
LOOP 
FOR I = 1 TO N.NODE, DO ° 
FOR J = 1 TO N.NODE, DO 

BET BORN.PKIS(I.J) = 0 

DETSOONEaEKi1S (1,3) 4-0 

Peis JGmr. TOTAL (1, J) en G 

LET LENGTH.TARIP (I,J) = 0.0 


_ GOP 
LOOP 
LET COMP.TRIP.PKT = 0 
LET NEW.MSG.TOTAL = 0 
LET NEH.PKT.TOTAL 2. O 
LET SYS.PACKETS = a) 
LET U. COUNT 2 a) 
RESET THE TOTALS OF SYS.PACKETS 
LET HOP. TOTAL 2 0 
LET XMTTTOTAL = 0.0 
LET QU. TOTAL an Geo 


‘“* RESET THE STARTING VALUES FOR THE RANOGM NUMBER GENERATOR. 
Bet SEED.Vil) & 21164293502 
LET SEED. V{e) = 683743814 
LET SEED.V(3) = 964393174 
LET SEED.V(4) = 1217426631 
LET SEED.V(S} = 618433579 
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BE? SEE0.V(6) = 157246309 
EEN SEED.V (7) = 15726055 
EET SEEG.Y (5) = 48108509 
LET SEEO.V(9) = 1797920909 
LET SEEO.V(10)= Y7742NS4O 
RETURN ; 

ENG “°GF P7.ZERGIZE.SETS 


om FE HC HE HCO OC HC HC OE OC HC CC CE OC OC OC OC CE OE EC CC OC CC OCC CC CC CCC CC BO CCC oC OC CC OC COC CS 


EVENT U1.GENERATE.UPDATE GIVEN SENDING.NODE, UP.CLASS 

** IN THIS EVENT, THE DESTINATION NODE GENERATES ONE OF THREE 
** “TYPES OF UPDATE MESSAGES; NODE, GROUP WARNING, OR FAMILY 
** WARNING. THE NODE THEN TRANSMITS THIS UPDATE TO EACH 

‘* OF ITS NEIGHBORS AT THE SAME TIME IF ALL LINKS ARE IOLE. 

‘* IN THE CASE OF BUSY LINKS, THE UPDATE MESSAGES ARE INSERTED 
** GR QUEUED ACCORDING TO THE TYPE OF TRAFFIC ON THE LINE. 


DEFINE THIS.NOOE, THE.CLASS AS VARIABLE 
DEFINE NEW.INC, VARY.TIME AS A REAL VARIABLE 
LET THIS.NODE = SENOING.NODE 
LET THE.CLASS = UP.CLASS 
** BRANCH TO THE APPROPRIATE SECTION DEPENDING UPON THE CLASS OF 
** UPDATE REQUESTED (NODE, GROUP, OR FAMILY). 
GO TO NOO.REQUESTED, GRP.REQUESTED, FAM. REQUESTED 
PER THE.CLASS 


*NOO. REQUESTED ° 
** SEND A NODE UPDATE TO ALL NEIGHBOR NODES. 
IF PRNT >= 3, 
SKIP 1 LINE 
PRINT @ LINES WITH TIME.V, THIS.NODE AS FOLLOWS 
mem, mn (90) = NODE UPDATE ORIGINATED. 

SENT TO THE FOLLOWING NODES: 
REGAROLESS 


FOR EACH LINK IN LINK.SET (THIS.NODE), O00 


IF PRNT >= 3, 
PRINT 1 LINE WITH TERM(LINK) AS FOLLOWS 


oe 


REGARDLESS 

CREATE AN UPDATE 
LET BEGIN. TIME (UPDATE) = TIME.V 
LET CLASS (UPDATE) * THE. €LAaSS 
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LET ORIGIN (UPDATE) 2 THIS.NODE 
LET FM.NODE (UPDATE) = THIS.NODE 
LET VARIETY (UPDATE) = REGULAR 
LET HOPCNT (UPDATE) = NONE 

LET TG.NODE (UPDATE) = TERM (LINK) 


PERFORM U2. TRANSMIT.UPDATE GIVEN UPDATE, LINK 


% 


LOOP 

** RESCHEOULE ANOTHER UPDATE FOR THIS NODE AT A LATER TIME 
* UNLESS THIS IS THE INITIALIZATION PHASE FOR DETERMINING 
** THE BEST PATHS BETWEEN NODES. 


IF INIT.BP = OEAD,. 


LET NEW. INC = UNIFORM.F (NOD.TIME,NOD.TIME * SRACKET, 3) 
HF OISERETE. PIMeR Ss RE IVE, 
LET NEW.INC = (TRUNC.F (NEW. INC/BIT. INTERVAL) = BIT. INTERVAL) 
+ U.XMN. TIME 
REGARDLESS 
SCHEDULE A UI1.GENERATE.UPOATE GIVEN THIS.NODE, THE.CLASS 
IN NEW.INC UNITS 
REGARDLESS 


GO FILE. THE. UPDATE 


‘GRP. REQUESTED * 

** A GROUP WARNING MSG WILL BE SENT TO ALL NODES IN THE SAME GROUP 
*“* AS THE ORIGINATOR. THIS WARNING MSG WILL INCLUDE A FUTURE TIME 
*“* (FIRING. TIME) WHEN ALL NODES WITHIN THE GROUP WILL SEND THE GROUP 
*“* UPDATE MESSAGE AT THE SAME TIME. 


** SCHEOULE THIS NODE TO TRANSMIT ITS GWN REGULAR GROUP UPDATE 
Sei Ine COMPUTED FIRING TIME. THIS MESSAGE IS SENT ONLY TC 
** NEIGHBOR NODES WHICH ARE NOT IN THE SAME GROUP AS THIS NODE. 


TEePRNT >= 3, 
SKIP 1 LINE 
PRINT 3 LINES WITH TIME.V,. THIS.NODE, GROUP (THIS.NODE). 
TIME.¥ + GP.FIRE AS FOLLOWS 
momen (xe) : GROUP UPDATE WARNING ORIGINATED. 
GROUP («) SET TO XMT UPDATE AT soe. soe, 
WARNING SENT TO THE FOLLOWING NODES: 
REGARDLESS 
SCHEDULE A U?.UNIT.FIRING GIVEN THIS.NGDE,. THE.CLASS, GROUP I{THIS.NODE). 
TIME.V AT TIME.V + GP.FIRE 
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FOR EACH LINK IN LINK.SET(THIS.NODE) WITH GROUP (THIS.NODE) = 
GROUP (TERM(LINK)), O00 
IF PRNT >= 3, 
PRINT 1 LINE WITH TERM(LINK) AS FOLLOWS 


REGARDLESS . 
CREATE AN UPDATE 
LET BEGIN. TIME (UPDATE) = TIME.V 
LET CLASS (UPDATE) = THE.CLASS 
LET ORIGIN (UPDATE) = GROUP (THIS. NODE) 
LET FM.NODE (UPDATE) = THIS.NODE 
LET VARIETY (UPDATE) = WARNING 
LET HOPCNT (UPDATE) = NONE 
LET TO.NODE (UPDATE) = TERM (LINK) 
LET FIRING. TIME (UPDATE) = TIME.V + GP.FIRE 
LE OLSERETE. TIMER MUALIVE, 
LET FIRING. TIME (UPDATE) = 
(TRUNC.F (FIRING. TIME (UPDATE) /BIT. INTERVAL) = BIT. INTERVAL) 
+ U.XMN.TIME 
REGARDLESS 


PERFORM U2. TRANSMIT.UPDATE GIVEN UPDATE, LINK 


LOOP 


** RESCHEDULE ANOTHER GROUP UPDATE FOR THIS NODE AT A FUTURE TIME 


IF INIT.BP = OEAD, 
LET NEW.INC = UNIFQRM.F (GRP.TIME,GRP.TIME + BRACKET,5) 
IF DISCRETE.TIMER = ALIVE, 
LET NEW. INC = (TRUNC.F (NEW. INC/BIT. INTERVAL) » BIT. INTERVAL) 
+ U.XMN. TIME 
REGARDLESS 
SCHEDULE A U1.GENERATE.UPDATE GIVEN THIS.NQDE, THE.CLASS 
IN NEW. INC UNITS 
REGARDLESS 


GG FILE. THE. UPDATE 


“FAM. REQUESTED * 
** A SIMILAR OPERATION IS PERFORMED FOR THE FAMILY AS WAS DONE WITH 
“* THE PREVIOUS SECTION CONCERNING THE GROUP WARNING. 


** SCHEDULE THIS NODE TO TRANSMIT ITS GWN REGULAR FAMILY UPDATE 





* AT THE COMPUTED FIRING TIME. THIS MESSAGE IS SENT GNLY TO 
* NEIGHBOR NODES RHICH ARE NOT IN THE SAME FAMILY AS THIS NODE. 
IF PRNT >= 3, 
SmiP 1 LINE 
PRINT 3 LINES WITH TIME.V, THIS.NODE, FAMILY (THIS.NODE), 
TIME.V + FM.FIRE AS FOLLOWS 
mone, een (000) =: FAMILY UPDATE WARNING ORIGINATED. 
FAMILY («%) SET TO XMT UPDATE AT sesese, cesses, 
WARNING SENT TO THE FOLLOWING NODES: 


REGARDLESS 
SCHEDULE A U7.UNIT.FIRING GIVEN THIS.NODE, THE.CLASS, FAMILY (THIS.NODE) , 
mimMe.vY AT TIME.V * FM.FIRE 


FOR EACH LINK IN LINK.SET(THIS.NODE) WITH FAMILY (THIS.NODE) = 
FAMILY (TERM (LINK)}, OO 
Lier RN 223, 
PRINT 1 LINE WITH TERM{(LINK) AS FOLLOWS 


REGARDLESS 
CREATE AN UPDATE 
LET SEGIN. TIME (UPDATE) = TIME.V 


LET CLASS (UPDATE) = JHE. CLASS 

LET ORIGIN (UPDATE) = FAMILY (THIS. NODE) 
LET FM.NODE (UPDATE) = THIS.NODE 

LET VARIETY (UPDATE) = WARNING 

LET HOPCNT (UPDATE) = NONE 

LET TO.NODE (UPDATE) = TERM (LINK) 


CET PIR ING. TIME (UPDATE) «= TIME.V + FM.FIRE 
IF DISCRETE. TIMER = ALIVE, 
LET FIRING. TIME (UPDATE) = 
(TRUNC.F (FIRING. TIME (UPDATE) /BIT. INTERVAL) = BIT. INTERVAL) 
+ U.XMN.TIME 
REGARDLESS 


PERFORM Ue. TRANSMIT.UPDATE GIVEN UPDATE, LINK 
Loop 


** RESCHEDULE A FAMILY UPDATE FOR THIS NOOE AT A FUTURE TIME. 


IF INIT.BP = DEAD, 
LET NEW.INC = UNIFORM.F (FAM.TIME,FAM. TIME + BRACKET, 8) 
DESO TSERETESTIMER = ALIVE, + 
LET NEW. INC = (TRUNC.F (NEW. INC/BIT. INTERVAL) = BIT. INTERVAL) 
+ U.XMN. TIME 
REGARDLESS 
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SCHEQULE A UI.GENERATE.UPOATE GIVEN THIS.NODE, THE.CLASS 
IN NEW. INC UNITS 
REGARDLESS 


“FILE. THE.UPDATE * 


aa 


LET U.COUNT = U.COUNT + 1 
IF PRNT >= 3, 
PRINT 1 LINE WITH U.COUNT AS FOLLOWS 
soaaad UPDATES GENERATED SO FAR. 
REGAROLESS 


i | 


RETURN 


END ‘‘OF U1.GENERATE.UPDATE 
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ROUTINE FOR U2. TRANSMIT.UPDATE GIVEN X.UPDATE, X.LINK 

** “THIS ROUTINE PERFORMS THE ROLE OF TRANSMISSION OF THE UPDATE 
** OVER THE SELECTED LINK. DEPENDING UPON THE STATUS OF THE LINK 
‘* {I0LE GR BUSY) AND THE TYPE OF TRAFFIC WHICH THE LINK IS 

* CURRENTLY TRANSMITTING, DIFFERENT ACTION IS TAKEN. 


IF STATUS (X.LINK) = IOLE, 

* THE UPDATE MAY BE SENT. 
SCHEOQULE AN UN.RECEIVE.UPOATE GIVEN X.UPDATE IN U.XMN. TIME UNITS 
LET STATUS (X.LINK) = BUSY 
FILE X.UPDATE IN UPROP. QUEUE (X.LINK) 

EESE 


aa 


‘"* THE LINK IS BUSY UNDER ONE OF THREE CONDITIONS: 


rd 


~ (1) REGULAR MESSAGE PACKET TRAFFIC IS BEING TRANSMITTED WITH 
a NO “‘INSERTEO* UPDATES CURRENTLY IN TRANSIT. 

a (2) UPDATE TRAFFIC IS IN TRANSIT WHICH HAS NOT BEEN ‘INSERTED* 
a: INTO A REGULAR MESSAGE PACKET DATA STREAM. 

_ (3) ‘“‘INSERTED* UPDATE TRAFFIC 1S CURRENTLY IN TRANSIT WITHIN 
a A RUGULAR MESSAGE PACKET*S DATA STREAM. 


*“* CONDITION (1) 


IF UPROP.QUEUE (X.LINK) IS EMPTY, 
SCHEDULE AN UY.RECEIVE.UPCATE GIVEN X.UPDATE IN U.XMN.TIME UNITS 
FILE X.UPDATE IN UPROP. QUEUE (X.LINK) 
PERFORM U3. INSERT.UPOATE GIVEN X.LINK 
RETURN 
REGARDLESS 


FAM ae 





** CONDITION (2) 


IF PROP. QUEUE (X.LINK) IS EMPTY, 
FILE X.UPDATE IN UQUEUE (X.LINK) 
RETURN 

REGARDLESS 


*“* CONOITION (3) 


FILE X.UPOATE IN UQUEUE (X.LINK) 
PERFORM U3.INSERT.UPOATE GIVEN X.LINK 
REGAROLESS 
RETURN 
ENO ‘“‘OF U2.TRANSMIT. UPDATE 
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ROUTINE FOR U3. INSERT.UPOATE GIVEN IO.LINK 


‘* THIS ROUTINE MOOIFIES THE ARRIVAL TIME OF A MESSAGE PACKET 
** CAUSED WHEN AN UPDATE 15 INSERTEO INTO IT°S BIT STREAM. 


a8 


DEFINE PKT, THE.NAME AS VARIABLES 


4 


REMOVE FIRST PKT FROM PROP. QUEUE (10.LINK) 

‘“* “THE EVENT SF THE ARRIVAL OF THE PACKET IS NOW DELAYEO BY THE 
‘“* AMOUNT OF TIME IT TAKES FOR AN UPDATE TC BE TRANSMITTED. 
CANCEL Me. RECEIVE.MESSACE.PACKET CALLED P.NAME (PKT) 

DESTROY Me. RECEIVE.MESSAGE.PACKET CALLED P.NAME (PKT) 


RESCHEOULE A M2e.RECEIVE.MESSAGE.PACKET CALLED THE.NAME GIVEN PKT AT 
P.ARRIVAL (PKTI + U.XMN. TIME 

LET P.ARRIVAL (PKT) 2 P.ARRIVAL (PKT) + U.XMN.TIME 

LET P.NAME (PKT) = THE.NAME 

FILE PKT IN PROP. QUEUE (J0.LINK) 

RETURN 

END *““‘OF U3. INSERT.UPOATE 


ae FSOVVOOOOOOOOOOOOOO OOOO OOOOOOOOOOOOOOOOOOOOOOOO OOOO OPOOOOOOOOT 


EVENT UY.RECEIVE.UPOATE GIVEN UP.MESSAGE 


*“* TRIS EVENT PERFORMS THE PRIMARY FUNCTION OF THE YEN ALGORITHM. 
*“* WHEN .THE UPDATE ARRIVES THE CALCULATIONS OF THE ALGORITHM TAKE 
** PLACE WITH THE APPROPRIATE SCHEOULING GF THE FUTURE UPDATE 

* TRANSMISSION OCCURRING. 
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DEFINE MSG, THIS.N@DE, PAST.NODE, KIND, OCCURANCE, THE.WAKE, 
HO.PCOUNT, THE.LINK, THE.BUZZ,U.MSG, Q.UP.MSG, PAC.KET, THE.NAME 
AS INTEGER VARIABLES 

DEFINE DELAY.TIME, THIS.LINK.WEIGHT AS REAL VARIABLES 


LET MSG = UP.MESSAGE 
LET KIND « VARIETY (MSG) 
LET THIS.NOOE = TO.NODE (MSG) 
LET PAST.NODE = FM.NODE (MSG) 
LET HO.PCOUNT = HOPCNT (MSG) + 1 
** THE UPDATE HAS BEEN TRAVELING DOWN“ THE LINK AND IS KEPT TRACK OF BY 
** SEANS OF A UPROP.QUEVE. THE UPDATE HAS ARRIVED AND CAN NOW BE 
** REMSVED FROM THAT QUEUE. 
** EACH LINK CONTAINS A COUNT GF THE NUMBER OF UPDATE MESSAGES WHICH 
** HAVE TRAVELED OVER IT. %IN THIS WAY, WE CAN SEE THE PROPORTION OF 
** TOTAL TRAFFIC OVER EACH LINK WHICH IS RELATED TO ROUTING INFO. 
FOR EACH LINK IN LINK.SET (PAST.NGDE) WITH TERM(LINK) 2 THIS.NODE, 
FINO THE.LINK = LINK, 
IF FOUND, 
REMOVE THE FIRST U.MSG FROM UPROP. QUEUE (THE.LINK} 
LET UPCOUNT (THE.LINK} = UPCOUNT(THE.LINK} 7 ! 
REGARDLESS 
** EVERY NODE MAINTAINS A RECORD OF UPDATE RETRANSMISSIONS WHICH 
** IT HAS PROOUCED. IF THE NODE HAS PREVIGUSLY SENT A RETRANS OF 
** THIS CURRENT UPDATE THEN THE UPDATE 1S IGNORED AND NO ACTION TAKEN. 
FOR EACH RECORD IN XMT.RECORD(THIS.NODE) WITH GRIGIN(MSG) = 
REC. SRIGIN(RECGAD) AND BEGIN. TIME (MSG) 2 REC. TIME (RECORD), 
FINO THE FIRST CASE, 
IF FOUND, 


IF PRNT >= 3, 
SKIP 1 LINE 
PRINT 1 LINE WITH TIME.V. THIS.NGDE, GRIGIN (MSG) ,BEGIN. TIME (MSG), 
PAST.NODE AS FOLLEWS 
mam ee Goo) os “LATE* UPDATE (xx, .00¢..08G00 FROM NODE xx. 
REGARDLESS 
DESTROY UPDATE CALLED U.MSG 
G6 CHECK. THE. QUEUES 
REGAROLESS 
‘“* QOETERMINE WHETHER REGULAR GR WARNING UPDATE ANDO TAKE THE 
* THE APPRGPRIATE ACTION. 


GO 16 REG.MSG, WARN.MSG PER KINO 





“REG. MSG° 


Le 


* DETERMINE WHETHER NODE, GROUP OR FAMILY AND TAKE APPROPRIATE ACTION. 


GO TO NOD. REQUESTED, GRP.REQUESTEO, FAM.REQUESTED PER CLASS (MSG) 


*NOD. REQUESTED* 
* WE MUST DETERMINE IF THIS NODE UPDATE MSG GRIGINATED FROM A NODE 
* IN THIS NODE°S GROUP. IF NOT, A BORDER CHECK 15 RUN. IF THE 

** BORDER CHECK PROVES NEGATIVE, NO ACTION I5 TAKEN. 


IF FAMILY (THIS.NODE} = FAMILY (GRIGIN(MSG)3} AND 
GROUP (THIS.NGDE) = GROUP (ORIGIN(MSG)), 


GO CALC. THE.DELAY 
REGARDLESS 


** RUN A BORDER CHECK 
IF HO.PCOUNT <= HOP.LIMIT, 
IF PRNT >= 3, 
PRINT 1 LINE AS FOLLOWS 
ecece NODE BORDER INCIDENT os¢e6 
REGAROLESS 


G@ CALC.THE.OELAY 

REGAROLESS 

IF PRNT >2 3, 

SKIP 1 LINE 

PRINT 1 LINE WITH TIME.V. THIS.NODE. GRIGIN(MSG), BEGIN. TIME (MSG) 
AS FOLLOWS 

meee, amen (00) ¢ NODE UPDATE (x, cx. eee} ARRIVED. #eaNOT IN RANGEse 

REGARDLESS 

DESTROY UPOATE CALLED U.MSG 

GO CHECK. THE. QUEUES 


“GRP. REQUESTED® 
** IF THE GROUP UPOATE 1S FROM A NODE WITHIN THIS NODE'S GROUP 
‘* THEN NO ACTION IS TAKEN. 
IF GROUP (THIS.NGOE) = GRIGIN(MSG), 
DESTROY UPDATE CALLED U.MSG 
GO CHECK. THE. QUEUES 
REGARDLESS 


NO 
~~] 
OD) 





** IF THE GROUP UPDATE IS FROM A NOOE FROM A DIFFERENT FAMILY 
** THEN A BORDER CHECK IS PERFORMEO. IF GSORDER CHECK IS NEGATIVE 
** THEN NG ACTION IS TAKEN. 
IF FAMILY (THIS.NODE) = FAM.OF.GRP (ORIGIN(MSG)), 
GO CALC. THE.DELAYT 
REGAROLESS 


** PERFORM BORDER CHECK 
IF HO.PCSUNT <@# HOP.LIMIT, 
IF PRNT >= 3, 
PRINT 1 LINE AS FOLLOWS 
eceee GROUP BORDER INCIDENT occeoe 
REGAROLESS 
GO CALC. THE. DELAY 
REGARDLESS 
IF PRNT >= 3, 
SKIP 1 LINE 
PRINT 1 LINE WITH TIME.Y, THIS.NODE, ORIGIN(MSG), BEGIN. TIME (MSG) 
AS FOLLOWS 
mn, amen (et : GROUP UPDATE (em, oem, enn) RECEIVED. #aNOT IN RANGEss 
REGARDLESS 
DESTROY UPDATE CALLED U.MSG 
GO CHECK. THE. QUEUES 


“FAM. REQUESTED * 
IF FAMILY (THIS.NOGOE) = ORIGIN(MSG), 
IF PRNT >= 3, 


SKIP 1 LINE 
PRINT 1 LINE WITH TIME.V, THIS.NOOE, ORIGIN(MSG), BEGIN. TIME (MSG) 
RS FOLLOWS 

mud, sac (ec) o: FAMILY UPDATE (am, «man, acc} RECEIVED. saNOT IN RANGEss 
REGAROLESS 


DESTROY UPOATE CALLEO U.MSG 
GO CHECK. THE. QUEVES 
REGRROLESS 


“CALC. THE. DELAY‘ 
** THE “WEIGHT® OF A LINK IS DETERMINED 8Y THE EVENT 
** SCALC.LCINK.WEIGHT™ IN WHICH FIVE METHODS ARE POSSIBLE. 


LET THIS.LINK. WEIGHT = 0.0 


FOR ERCH LINK IN LINK.SET(THIS.NODE? WITH 





IF 


TERM (LINK) =@PAST.NODE, FINO THE.LINK= LINK, 


FOUND, 
IF TEST = ALIVE, 
LET THIS.LINK.WEIGHT = REAL.F (QTEST (THE.LINKX)) 
GO CONT.TEST 
REGARDLESS 
IF MANNER. OF WEIGHTING = BY.QSIZE.NOW, 
LET THIS.LINK.WEIGHT * REAL.F (N. QUEUE (THE.LINK) ) 
GO CONT.TEST 
REGARDLESS 
IF MANNER. OF.WEIGHTING = BY.COMBINE, 
LET THIS.LINK.WEIGHT = (QU.FACT = REAL.F (N. QUEUE (THE.LINK) )) 
+ LK.WEIGHT (THE.LINK) 
G6 CONT.TEST 
REGARDLESS 


LINK WEIGHTING SCHEMES USING VARIOUS METHODS ARE DETERMINED 
USING THE cYENT “CALC.THE.DELAT*. 


LET THIS.LINK.WEIGHT = LK.WEIGHT (THE.LINK) 


[GENT TEST * 


REGARDLESS 


LET 


FOR 


IF 


DETERMINE THE DELAY TIME ASSGCIATED WITH THAT LINK. 
DELAY. TIME » TIME.V * U.XMN.TIME + (DELTA = THIS.LINK.WEIGHT) 


CHECK IF THIS DELAY IS LESS THAN PREVISUS DELAY. 
THE PREVIOUS DELAYS ARE MAINTAINED IN THE NODE‘S ALARM CLOCK SET. 


EACH BUZZER IN ALARM.CLOCK (THIS.NOOE) WITH CAUSE (BUZZER) = 
CRIGIN(MSG) AND BUZ.BEG (BUZZER) = SEGIN. TIME (MSG), 
FIND THE.BUZZ = BUZZER, 


FOUND, 


FILE THE 1D OF THE NODE FROM WHICH THIS UPDATE WAS RECEIVED 
INTS THE LIST HELD BY THE NODE. 

CREATE A BUZ.NODE 

LET I10.NUMBER (BUZ.NODE) = PAST.NODE 

FILE BUZ.NODE iN BUZ.LIST (THE. BUZZ) 


CHECK IF THIS NEW DELAY iS FASTER THEN THE PREVIOUS BEST DELAY. 


If DELAY.TIME < SETTING (THE.BUZZ), 


2 





CANCEL U6.NODE.WAKE.UP CALLED SUZ. WAKE (THE. BUZZ) 
DESTROY U6.NODE.WAKE.UP CALLED BUZ.WAKE (THE. BUZZ) 


“ PUT IN NEW FASTEST ALARM TIME 


LET SETTING (THE.BUZZ) = DELAY.TIME 
LET TEMP.BP(THE.BUZZ) = PAST.NODE 


IF PRNT >= 3, 
SNIP 1 LINE 
PRINT 2 LINES WITH TIME.V, THIS.NODE, ORIGIN(MSG), 
BEGIN. TIME (MSG), PAST.NODE, SETTING (THE. BUZZ) 
AS FOLLOWS 
soc ouot (ee) : ALARM CLOCK RESET - UPDATE (sem, xe. men) FROM NODE xx. 
NOW SET TO GO GFF AT xo, xr, 


REGAROLESS 
as CHECK TO SEE IF WE HAVE ALREADY RECEIVED 
a UPDATES FROM ALL LINKS. IF THIS BE THE CASE THEN 
7 A BEST PATH CAN BE DETERMINED WITHOUT HAVING TQ 
ae SEND CUT A RETRANSMISSION GF THE UPDATE. 


IF N.LINK.SET(THIS.NODE) = N.BUZ.LIST (THE.BUZZ), 
IF BEST.PATH(THIS.NOODE, CRIGIN(MSG)} NE PAST.NODE, 
IF PRNT 21, 
SKIP 1 LINE 
PRINT e2 LINES WITH TIME.V, THIS.NODE, 
THIS.NODE, ORIGIN(MSG) , PAST.NOOE, 
BEST. PATH(THIS.NODE, ORIGIN (MSG) ) 


AS FOLLOWS 
aa. eae Get os NEW BEST PATH - NO RETRANSMISSION NEEDED. 
FROM «=a = =TQ ux 6S NOW ue, (WAS xx) 
REGARDLESS 


REGARDLESS 

LET BEST.PATH (THIS.NODE.ORIGIN(MSG)) = PAST.NODE 

IF PRNT >= e, 

PRINT 2 LINES WITH THIS.NOGDE, ORIGIN (MSG) ,PAST.NODE 
AS FOLLOWS 

es RETRANSMISSION OF UPDATE NOT NEEDED ss 

BEST PATH FROM <= = 7Q «= TS ee, 


REGARDLESS 
a DESTROY ALL BUZZER INFORMATION FROM THE 
ALARM CLOCK OF THe NODE. 


FOR EACH GCCURANCE OF 8UZ.LIST (THE.BUZZ), DO 
REMBVE OCCURANCE FROM BUZ.LIST (THE. BUZZ) 
DESTROY BUZ.NODE CALLED CCCURANCE 

LOOP 





REMOVE THE.BUZZ FROM ALARM.CLOCK (THIS.NODE) 
DESTROY BUZZER CALLEO THE.BuzzZ 
ie 
DESTROY UPOATE CALLED U.MSG 
GO CHECK. THE. QUEUES 
REGARDLESS 


ve RESCHEDULE THE NEW WAKE UP AT THE NEW SHGRTER DELAY TIME. 
RESCHEDULE A UG.NODE.WAKE.UP CALLED THE.WAKE GIVEN 
THIS.NGDE, MSG, TEMP.8P{(THE.8UZZ), HO.PCOUNT 
AT SETTING (THE. BUZZ) 
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LET BUZ.WAKE (THE.BUZZ) = THE.WAKE 
GO CHECK. THE. QUEUES 
REGAROLESS 
DESTREY UPDATE CALLED U.MSG 
GO CHECK. THE.QUEUES 
REGAROLESS 
** THIS CRSE CORRESPONDS TO THE FIRST TIME THIS NODE HAS RECEIVED 
** AN UPDATE GRIGINATION FROM THAT NODE. 
CREATE A BUZZER 
LET SETTING (BUZZER) DELAY.TIME 
LET CAUSE (BUZZER) ORIGIN (MSG) 
LET BUZ.BEG (BUZZER) 2 BEGIN. TIME (MSG) 
LET TEMP.BP (BUZZER) = PAST.NODE 
IF PRNT 78 3, 
SKIP 1! LINE 
PRINT 2 LINES WITH TIME.Y. THIS.NSDE, ORIGIN(MSG), BEGIN. TIME (MSG), 
PAST.NBDE, SETTING (BUZZER) AS FOLLOWS 
eae, eee (0) : weNEN ALARM CLOCKae-- UPDATE (x, moe, mem) FROM NODE «x. 
SETTING TO GO OFF AT sree, moesere, 


REGAROLESS 


CREATE A BUZ.NODE 

LET ID.NUMBER (BUZ.NOOE) = PAST.NGDE 

qe 

** SET THE ALARM FOR THIS UPDATE TQ GO GFF AFTER THE DELAY TIME IS 
** UP. THIS IS CONDITIONEO CN THE BASIS THAT A SHORTER DELAY BY 
** ANOTHER PATH IS NOT FGUND. 


** ERCH WAKE UP EVENT IS GIVEN A UNIQUE NAME FOR EASE OF RESCHEDULING. 


a8 


SCHEDULE A U6.NODE.WAKE.UP CALLED THE.WAKE GIVEN 
THIS.NODE, MSG, PAST.NODE, HO.PCOUNT AT SETTING (BUZZER) 


280 
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LET BUZ.WAKE (BUZZER) = THE.WAKE 

FILE BUZ.NCDE IN BUZ.LIST (BUZZER) 
FILE BUZZER IN ALARM.CLOCK (THIS.NCGDE) 
GO CHECK. THE. QUEUES 

“WARN. MSG * 


* DETERMINE IF THIS IS A GROUP OR FAMILY WARNING AND TAKE PROPER ACTION. 
GO 16 ERROR, GRP.WARNING, FAM.WARNING PER CLASS (MSG) 


“ERROR * 

** INVALID NODE WARNING MESSAGE. NO ACTION TAKEN. 
DESTROY UPDATE CALLED U.MSG 
GO CHECK. THE. QUEUES 


“GRP .WARNING * 


** CHECK IF GROUP IS VALID. 

IF GROUP (THIS.NODE) NE SRIGIN(MSG), 
DESTROY UPDATE CALLED U.MSG 
GO CHECK. THE. QUEUES 

REGAROLESS 


‘* KEEP A RECORD OF TRANSMISSIONS. 


= ® » = 6 ® s » ® e * 2 


CRERTc A RECORD 

LET REC. ORIGIN(RECGRD) = ORIGIN (MSG) 
LET REC. TIME (RECORD) + BEGIN. TIME (MSG) 
FILE RECORD IN XMT.RECORD (THIS. NODE) 


** LOCAL NODE RECORDS ARE MAINTAINED FOR ONLY A SET PERICO OF TIME. 
IF INIT.5SP = OEAD, 
SCHEDULE A US.ERASE.RECGAD GIVEN THIS.NODE, RECORD IN ERA.PERICO UNITS 
REGARDLESS 
** SCHEGULE THE RETRANSMISSION OF THE WARNING GROUP UPDATE TA 
*‘* ALL NEIGHBOR NODES WITHIN THIS GROUP. 
FOR EACH LINK IN LINK.SET(THIS.NOGDE) WITH GROUP I(THIS.NGDE) = 
GROUP (TERM (LINK) ) AND TERM(LINK) NE PAST.NGDE, O86 


CREATE AN UPDATE 





LET BEGIN. TIME (UPOATE) = BEGIN. TIME (MSG) 
LET CLASS (UPDATE) = CLASS (MSG) 
LET GRIGIN (UPDATE) = ORIGIN (MSG) 
LET FM.NOOE (UPDATE) = THIS.NOOE 
LET VARIETY (UPDATE) = VARIETY (MSG) 
LET HOPCNT (UPOATE) = HOPCNT (MSG) + I 
LET TO.NGOE (UPDATE) = TERM (LINK) 
LET FIRING. TIME (UPDATE) = FIRING. TIME (MSG) 
8 
PERFORM Uc. TRANSMIT. UPOATE GIVEN UPOATE, LINK 
LoaP 
* SCHEDULE THE TRANSMISSION OF A REGULAR GROUP UPDATE MESSAGE 
** TOG ALL NEIGHBOR NODES WHICH ARE NOT IN THIS NOOE*S GROUP. 
IF PRNT >= 3, 
SKIP 1 LINE 
PRINT 2 LINES WITH TIME.V. THIS.NOOE, GROUP (THIS.NODE), 
FIRING. TIME (MSG) AS FOLLOWS 
mex, eon (900) : GROUP UPOATE MESSAGE WARNING ORIGINATED. 
GROUP (xs) SET TO XMT UPDATE AT moc, meee, 


REGAROLESS 

SCHEDULE A U7.UNIT.FIRING GIVEN THIS.NODE, CLASS (MSG), ORIGIN(MSG), 
BEGIN. TIME (MSG) AT FIRING. TIME (MSG) 

DESTROY UPOATE CALLED U.MSG 

GO CHECK. THE. QUEUES 


8 
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*FAM. WARNING * 


¢ 


*“* CHECK IF FAMILY IS VALIO. 
IF FAMILY (THIS.NODE) NE ORIGIN (MSG) 
DESTROY UPDATE CALLED U.MSG 
GO CHECK. THE. QUEUES 
REGAROLESS 
‘* SCHEDULE THE RETRANSMISSION OF THE WARNING FAMILY UPDATE TO 
** ALL NEIGHBOR NODES WITHIN THIS FAMILY. 


‘* KEEP A RECSRO OF TRANSMISSIONS. 
CREATE A RECORD 

LET REC.SRIGIN(RECORO) = ORIGIN (MSG) 
LET REC. TIME (RECORG) = BEGIN. TIME (MSG) 
FILE RECORD IN XMT.RECORD (THIS.NODE) 


** LOCAL NODE RECOROS ARE MAINTAINED FOR ONLY A SET PERIOO OF TIME. 


¢e 





IF INIT.BP = DEAD, 
SCHEDULE A UB.ERASE.RECORD GIVEN THIS.NOOE, RECORD IN ERA.PERIOO UNITS 
REGAROLESS 
FOR EACH LINK IN LINK.SET (THIS. NODE) WITH FAMILY (THIS.NODE) = 
FAMILY (TERM (LINK))} AND TERM(LINK) NE PAST.NODE, O00 
CREATE AN UPDATE 
LET BEGIN. TIME (UPDATE). = BEGIN. TIME (MSG) 
LET CLASS (UPDATE) = CLASS (MSG) 
LET GRIGIN (UPDATE) = ORIGIN (MSG) 
LET FM.NODE (UPDATE) 2 THIS.NODE 
LET VARIETY (UPDATE) = VARIETY (MSG) 
LET HOPCNT (UPDATE) = HOPCNT (MSG) + } 
LET TO.NODE (UPDATE) = TERM (LINK) 
LET FIRING. TIME (UPDATE) = FIRING. TIME (MSG) 


PERFORM U2. TRANSMIT. UPOATE GIVEN UPDATE, LINK 
LOOP 
** SCHEDULE THE TRANSMISSION GF A REGULAR FAMILY UPDATE MESSAGE 
** TG ALL NEIGHBOR NODES WHICH ARE NOT IN THIS NODES FAMILY. 
IF PRNT >= 3, 
SKIP ! LINE 
PRINT e LINES WITH TIME.V, THIS.NODE, FAMILY (THIS.NODE), 
FIRING. TIME (MSG) AS FOLLOWS 
moe, ene (me) =: FAMILY UPDATE MESSAGE WARNING ORIGINATED. 
FAMILY (a) SET TO XMT UPOATE AT moc, rere, 
REGARDLESS 
SCHEDULE A U?7.UNIT.FIRING GIVEN THIS.NOOE,. CLASS(MSG), ORIGIN (MSG), 
BEGIN. TIME (4SG) AT FIRING. TIME (MSG) 
DESTROY UPDATE CALLED U.MSG 


“CHECK. THE. QUEUES ° 
FOR EACH LINK IN LINK.SET (PAST.NODE) WITH TERM(LINK) = THIS.NQODE, 
FIND THE.LINK = LINK, 
IF FOUND, 
‘* FIRST CHECK TO SEE IF THERE 1S AODITIONAL UPDATE TRAFFIC WAITING 
‘“* TG BE SENT. 
IF UQUEUVE (THE.LINK) IS NOT EMPTY. 
REMOVE FIRST Q.UP.MSG FROM UQUEUE (THE.LINK) 
FILE Q.UP.MSG IN UPROP. QUEUE (THE.LINK) 
SCHEDULE AN UN. RECEIVE. UPDATE GIVEN Q.UP.MSG IN U.XMN. TIME UNITS 


IF PROP. QUEUE (THE.LINK) IS NOT EMPTY, 


ih) 
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ae THEN THE UPDATE WHICH JUST ARRIVED WAS INSERTED INTO 
nay THE BIT STREAM GF A MESSAGE PACKET IN TRANSIT. THEREFORE 
a THE NEXT UPDATE TQ BE SENT WILL ALSO BE INSERTED. 


PERFORM U3.INSERT.UPDATE GIVEN THE.LINK 


REGARDLESS 
ELSE 
se THE UPOATE QUEUE IS EMPTY SO WE WILL CHECK FOR MESSAGE PACKET 
oe TRAFFIC WAITING TO BE SENT. 


IF PROP. QUEUE (THE.LINK) 15 NOT EMPTY, 


oe THERE 1S CURRENTLY MESSAGE TRAFFIC BEING SENT OVER THIS 
es LINK ANQ NG FURTHER ACTION 1S NECESSARY. 
RETURN 
REGARDLESS 
ons THERE 1S NG TRAFFIC IN PROGRESS SO WE WILL CHECK THE MESSAGE 
. QUEVE TO SEE IF TRAFFIC 1S WAITING TO BE SENT. 


IF QUEUE (THE.LINK) IS NOT EMPTY, 
REMOVE FIRST PAC. KET FROM QUEUE (THE.LINK) 
LET QUESIZ(THE.LINK) = N.QUEUE (THE.LINK) 
SCHEDULE A Me. RECEIVE. MESSAGE.PACKET CALLED 
THE. NAME GIVEN PAC. KET AT TIME.V + PKT.XMN.TIME 
LET P.ARRIVAL (PAC. KET) = TIME.VY * PKT.XMN.TIME 
LET P.NAME (PAC. KET) = THE.NAME 
FILE PAC.KET IN PROP. QUEUE (THE.LINK) 


RETURN 
REGAROLESS 
a BOTH QUEUES ARE EMPTY AND NOG MESSAGES ARE IN TRANSIT. 
LET STATUS (THE.LINK) = IDLE 
AEGAROLESS 
REGAROLESS 
RETURN 


ENO ‘‘OF ud. RECEIVE. UPDATE 
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EVENT US.LINK. WEIGHT. CALCULATION 

** THIS EVENT DETERMINES THE POSITIVE WEIGHT ASSIGNED TO EVERY LINK 
*“* FROM WHICH THE YEN ALGORITHM DETERMINES THE BEST PATH ROUTING 

"* BETHEEN NODES. FIVE METHODS ARE DETERMINED IN THIS ROUTINE AND 
** THE USER SPECIFIES WHICH 1S ACTUALLY UTILIZED DURING THE 

** SIMULATION. 


DEFINE NUM, WEI.GHT AS INTEGER YARIABLES 


Zee 





DEFINE WT.AYG AS REAL VARIABLES 


LET NUM = NUM.OF WEIGHTS 


IF 


MANNER. OF WEIGHTING = BY.QSIZE.NONW, 


THIS METHOD INVOLVES USING THE INSTANTANEGUS QUEUE LENGTHS FOR 
FINOING THE LINK WEIGHT. THIS METHOO MAKES NO FURTHER USE 

GF THIS ROUTINE. 

GO NO. MORE 


REGAROLESS 


FOR ERCH NODE, 06 


ea 


ee 


. 


FOR EACH LINK IN LINK.SET (NODE), 00 


CREATE A WEIGHT 


GO TO NG.MORE, USE.PAST.QSIZE, USE.PAST.QAVG, 
USE.RHO.WEIGHT, USE.RHO.WEIGHT PER MANNER.OF WEIGHTING 


“USE. PAST. QSI1ZE° 


THIS METHOO GF WEIGHTING IS BASED UPON TAKING THE AVERAGE OF 
“M* QUEUE SAMPLES TAKEN OURING A “WINOGW" OF FIXED LENGTH. 
THIS WINDOW “SLIDES* ALONG IN TIME SINCE GNLY THE MOST RECENT 
SAMPLES ARE USED IN DETERMINING THE AVERAGE. 


LET WT.SIZE (WEIGHT) = N.QUEUE (LINK) 
GS ARGUNO. AGAIN 


“USE .PAST. QAVG* 


THIS METHOD USES THE SAME SLIDING WINDOW TECHNIQUE EXCEPT 
INSTEAD SF TAKING A ‘SNAPSHOT* SAMPLE OF THE QUEUE SIZE AT 
REGULAR TIME INTERVALS, THIS USES THE AVERAGE QUEUE SIZE OVER 
THE TIME INTERVAL. 


LET WT.SIZE (WEIGHT) = AVG. WEIGHT (LINK) 
RESET TOTALS OF QUEST Z (LINK) 
G8 AROUND. AGAIN 


“USE. RHO. WEIGHT" 


THIS METHOO USES A COMBINATION OF WEIGHTING FUNCTIONS; ONE 
BASED UPON THE LINK UTILIZATION FACTOR OURING THE PAST TIME 
WINGON ANO THE SECONO A LEAST HOPS SYSTEM. WHEN THE LINK 
UTILIZATION FACTOR 15 LESS THEN .5 THE BEST PATHS WILL BE 
DETERMINED PRIMARILY BY A LEAST HOPS SCHEME. HOWEVER IF THE 
UTILIZATION FACTOR 15 GREATER THAN .S THE LINK WEIGHT WILL BE 
PREDOMINANTLY A FUNCTION OF THAT FACTOR. 





~ A SECOND METHOD (8Y.COMBINE) MAKES USE OF THIS TERM BUT IN 


= AODITION 17 ALSO USES THE SIZE OF THE QUEUE. IN THIS 

os METHOD BOTH THE AVERAGE LINK USAGE (THE RHO TERM) AND THE 

a CURRENT TRANSIENT BEHAVIOR OF THE LINK (THE QUEUE SIZE TERM) 
a ARE TAKEN INTO CONSIDERATION. 


IF RHOC(LINK) > .95, 
LET WT.SIZE (WEIGHT) = 20.0 
GO SOME.MORE 
REGARDLESS 
LET WT.SIZE (WEIGHT) = 1. * (CRHOCLINK) / (1. - RHO (LINK) 3) 
“SOME. MORE °* 
RESET TOTALS GF N.PROP. QUEUE (LINK) 


*ARGUNO. AGAIN* 


a ONLY THE PAST “NUM* OF SAMPLES ARE CONSIDERED. 
IF N.SET.OF WEIGHTS (LINK) >= NUM, 


REMOVE THE FIRST WEI.GHT FROM SET.OF.WEIGHTS (LINK) 
DESTROY WEIGHT CALLED WEI].GHT 
REGAROLESS 


FILE WEIGHT IN SET.OF WEIGHTS (LINK) 


FOR EACH WEIGHT IN SET.OF.WEIGHTS{(LINK), COMPUTE WT.AVG 
AS THE MEAN OF WT.SIZE (WEIGHT) 
LET LK.WEIGHT (LINK) = WT.AVG 
LOOP 
Loop 


SCHEDULE A US.LINK.REIGHT.CALCULATICN IN WT.TIME UNITS 


*NG. MORE * 
RETURN 
END ‘“OF US.LINK. HEIGHT. CALCULATION 
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EVENT U6.NQDE.WAKE.UP GIVEN WK.NODE, WK.MSG, SPATH, HOPNUM 


** THIS EVENT SCHEDULES THE TRANSMISSION OF AN UPOATE AT THE MOMENT 
** THE NODE*S ALARM CLOCK GOES OFF FOR THAT UPDATE MESSAGE. 
DEFINE THIS.NCDE, MSG, BESTPATH, HOP.NUM, THE.8UZZ, FLAG 
AS VARIABLES 
DEFINE NEW.TIME AS A REAL VARIABLE 


LET THIS.NODE = WK.NODE 


LET MSG = WK.MSG 
LET BESTPATH = BPATH 
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LET HOP.NUM = HOPNUM 


IF PRNT >= e, 
SKIP 1 LINE 
PRINT 2 LINES WITH TIME.V, THIS.NODE, ORIGIN(MSG), BEGIN. TIME (MSG), 

THIS.NODE, ORIGIN(MSG), BESTPATH AS FOLLOWS 
mem. Mee (ee) : seWAKE UP SOUNDEDes -- UPDATE (xm, xmm, emer) 

BEST PATH FROM xm TO «x 1S um, 

REGARDLESS 
IF BEST. PATH(THIS.NGDE, ORIGIN(MSG)) NE BESTPATH, 

IF PRNT 1, 

SKIP 1 LINE 
PRINT 2 LINES WITH TIME.V, THIS.NODE, THIS.NODE, ORIGIN (MSG), 
BESTPATH, BEST.PATH(THIS.NODE, ORIGIN (MSG)) AS FOLLOWS 
me, eee (ae) 3 NEW BEST PATH ; 
FROM «=x = TO «me 6S NOW ux, (WAS x) 

REGARDLESS 
REGAROLESS 
** EACH NODE KEEPS TRACK OF ALL NEIGHBORS FROM WHICH IS HAS RECEIVED 
** THIS PARTICULAR UPDATE MESSAGE. WE NOW WANT TO TRANSMIT THE 
** CONTINUING UPDATE OVER THOSE LINKS FROM WHICH UPDATES HAVE NOT 
> BREN RECEIVED. 


FOR EACH BUZZER IN ALARM.CLOCK (THIS.NODE) WITH CAUSE (BUZZER) 
= ORIGIN(MSG) AND BUZ.BEG (BUZZER) = BEGIN. TIME (MSG), 
FINO THE.BUZZ = BUZZER, 

IF FOUND, 

FOR EACH LINK IN LINK.SET (THIS.NODE), D6 
LET FLAG = DEAD 


FOR EACH BUZ.NODE IN BUZ.LIST(THE.8UZZ), O00 


IF TERM(LINK) = ID.NUMBER (BUZ.NODE) , 
LET FLAG = ALIVE 
REGARDLESS 
LOOP 
IF FLAG = DEAD, 
vs SINCE AN UPDATE HAS NOT BEEN RECEIVED OVER THIS LINK 
vs THE NODE SENDS THE UPDATE OVER THAT LINK. 
IF PANT >= 2. 
PRINT 1 LINE WITH TERM{LINK) AS FOLLOWS 
UPDATE SENT TO” xm 
REGAROLESS 
LET NEW. TIME = TIME. + 
IF DISCRETE.TIMER = ALIVE, 


Zea 





LET 


NEW. TIME = 


(TRUNC. F (NEW. TIME/BIT. INTERVAL) 
+ U.XMN. TIME 


REGAROLESS 


CREATE AN UPDATE 


LET BEGIN. TIME (UPDATE) BEGIN. TIME (4SG} 
LET CLASS (UPDATE) CLASS (4SG) 

LET ORIGIN(UPDATE) ORIGIN (4SG) 

LET FM.NGOE (UPDATE) THIS.NODE 

LET VARIETY (UPDATE) REGULAR 

LET HOPCNT (UPDATE) HGPCNT (MSG) 

LET TO.NODE (UPDATE) TERM (LINK) 


«x BIT. INTERVAL) 


PERFORM U2. TRANSMIT.UPOATE GIVEN UPDATE, LINK 
REGAROLESS 
LOOP 
REGAROLESS 


‘* MAINTAIN RECGRO Sf TRANSMISSION FOR NOOE 
CREATE A RECCRO 

LET REC. ORIGIN(RECORO) = ORIGIN (MSG) 

LET REC. TIME (RECSRO) = BEGIN. TIME (MSG) 

FILE RECGRO IN XMT. RECORD (THIS. NODE) 


** LOCAL NODE RECCROS ARE MAINTAINED FOR ONLY A SET PERIOO OF TIME. 
IF INIT.BP = DEAD, , 

SCHEDULE A U8.ERASE.RECSRO GIVEN THIS.NODE, RECORD IN ERA.PERIGO UNITS 
REGAROLESS 


‘* UPOATE THE BEST PATH. 


LET BEST.PATHITHIS.NODE, SRIGIN(MSG)) = BESTPATH 
DESTROY UPDATE CALLED MSG 

RETURN 

ENO ‘““OF U6.NGOE. WAKE. UP 
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EVENT U7.UNIT.FIRING GIVEN PF.NODE. PF.CLASS, PF.GRIGIN, PF.BEGIN 

*“* THIS EVENT OCCURS AT THE FIRING TIVE FOR A NODE OURING GROUP AND 
‘* FAMILY UPOATES. THE ‘PLAN* 1S FOR THE NODE TCG TRANSMIT IT°S 

‘* GROUP OR FAMILY UPDATE TO NODES NOT WITHIN THE BASIC SECTOR 

‘“* AT THE SAME TIME. ODELAYS MAY OCCUR OUE TO THE SIMULTANEOUS 

“S TRANSSISSIGN GF GTHER UPDATES AT WHICH TIME QUEUEING 15 USED. 


** IT 1S FIRST O€TERMINED WHETHER A GROUP OR FAMILY UPDATE 1S REQUESTED. 


INO 
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GO TO NOO.BLANK, GAP. REQUEST, FAM. REQUEST PER PF.CLASS 


*‘NOO. BLANK * 
RETURN 
“GRP. REQUEST ° 
FOR EACH LINK IN LINK.SET (PF.NQDE) WITH GROUP (PF.NQDE) NE 
GROUP (TERM (LINK)), 00 
CREATE AN UPDATE 
LET BEGIN. TIME (UPDATE) = PF.BEGIN 
LET CLASS (UPDATE) = PF.CLASS 
LET ORIGIN (UPDATE) = PF.ORIGIN 
LET FM.NQDE (UPDATE) = PF.NODE 
LET VARIETY (UPDATE) = REGULAR 
LET HOPCNT (UPDATE) = NONE 
LET 10.NQDE (UPDATE) 2 TERM (LINK) 


PERFORM U2. TRANSMIT.UPDATE GIVEN UPDATE, LINK 
LOOP : 
IF SYNCH.FIRING = ALIVE, 
IF INIT.BP = DEAD, 
SCHEDULE A U7.UNIT. FIRING GIVEN PF.NODE, GRP.MSG, PF.OGRIGIN, 
(TIME.V + GRAP.TIME) IN GRP.TIME UNITS 
REGARDLESS 
REGRADLESS 
RETURN 
“FAM. REQUEST * 
FOR EACH LINK IN LINK.SET (PF.NODE) WITH FAMILY (PF.NQDE) NE 
FAMILY (TERM(LINK)), OC 
CREATE AN UPDATE 
LET BEGIN. TIME (UPDATE) = PF.BEGIN 
LET CLASS (UPDATE) = PF.CLASS 
LET ORIGIN (UPDATE) - = PP.ORIGIN 
LET FM.NGDE (UPDATE) 2 PF.NODE 
LET VARIETY (UPDATE) = REGULAR 
LET HOPCNT (UPOATE) = NONE 
LET TO.NODE (UPDATE) = TERM (LINK) 


PERFORM Ue. TRANSMIT.UPOATE GIVEN UPDATE, LINK 
LOOP 
IF SYNCH. FIRING = ALIVE, 
IF INIT.BP = DEAD, 
SCHEDULE A U7.UNIT.FIRING GIVEN PF.NODE, FAM.MSG, PF.ORIGIN, 
(TIME.Y + FAM.TIME) IN FAM. TIME UNITS 
REGARDLESS 
REGARGLESS 
RETURN 
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END °“‘OF U7. UNIT. FIRING 
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EVENT US.ERASE.RECSRO GIVEN ERA.NODE. ERA.RECORD 


** THIS EVENT ERASES OUTDATED TRANSMISSION RECORDS HELO BY NODES. 


DEFINE THIS.NODE, THIS.RECORD, OCCURANCE AS VARIABLES 
LET THIS.NODE = ERA.NODE 
LET THIS.RECORO = ERA. RECORD 


FOR EACH RECORD IN XMT.RECORD(THIS.NODE) WITH 
REC. ORIGIN (RECORD) = REC.ORIGIN(THIS.RECORD) AND 
REC. TIME (RECORD) = REC. TIME (THIS. RECORD), 

FINO SCCURANCE = RECORD, 

IF FOUND, 
REMGVE OCCURANCE FROM XMT.RECORD (THIS. NODE) 
DESTROY RECCRO CALLED OCCURANCE 

REGAROLESS 

RETURN ; 

END ‘OF U8.ERARSE.RECORD 
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EVENT M1.GENERATE.MESSAGE GIVEN T.MESSAGE 


** THIS ROUTINE GENERATES MESSAGES CONSISTING OF A NUMBER OF 

** PACKETS. THIS NUMBER IS CHOSEN USING A RANDOM DISTRIBUTION WHICH 
** IS EITHER GEOMETRIC OR UNIFORM. THE SOURCE-DESTINATION NODE PAIRS 
**: ARE DETERMINED 8E EITHER UNIFORM OR IMBALANCED TRAFFIC SCHEMES. 

** PACKETS ARE THEN TRANSMITTED OR QUEUVED BASED UPCN THE STATUS CF 

** THE LINKS. 


DEFINE CK.XMTR, CK.ACVA, X.TOT.PERCENT, R.TOT.PERCENT, SELECTOR, 
NEW. TIME AS REAL VARIABLES 

DEFINE THE.LINK, THE.NAME, RCVR, XMTR, PKT.COUNT AS VARIABLES 

LET X.TOT.PERCENT = 0 

LET R.TOT.PERCENT = 0 

LET CK.XMTR = UNIFORM.F (0.0, TRNS.PCNT, 2) 

** SELECTOR 1S USED IF A PERCENTAGE OF THE MESSAGES ARE REQUIRED 

** 16 BE BETWEEN NODES OF THE SAME GROUP GR FAMILY. 


LET SELECTOR = UNIFORM.F (0.0, 100., 7) 
*’ SELECT THE TRANSMITTING NODE 


FOR EVERY NODE , 0d 
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LET X.TOT.PERCENT = X.TOT.PERCENT * XMT.PERCENT (NODE) 


IF CK.XMTR <= X.TOT.PERCENT, 
LET XMTR' = NODE 
GG CH. OPT.RECEIVER 
REGARCLESS 
LOOP 


*CH.OPT. RECEIVER * 


‘* THE FOLGWING CHECK IS MADE TOG DETERMINE IF AN OPTIGNAL RECEIVING 
** NGOE HAS BEEN GIVEN TO THIS TRANSMITTING NODE. IN THIS WAY THE 


** SIMULATIGN CAN MODEL VERY SPECIFIC 
** NETWORK. 
IF OPT.RCV(XMTR) NE QO, 
LET RCVR = OPT.RCV (XMTR) 
GG MAKE.THE. MSG 
REGAROLESS 


et 


‘FIND. RECEIVER * 


LET CK.RCVR = UNIFORM.F (0.0, RCY.PCNT, 
FOR EVERY NODE, OG 


TRAFFIC DISTRIBUTIONS FOR THE 


3) 


LET R.TOT.PERCENT = R.TOT.PERCENT + RCV.PERCENT (NODE) 


IF CK.RCVR <= R.TOT.PERCENT, 
LET RCVR = NODE 
GO CK.GROUPS.AND.FAMILIES 
REGAROLESS 
LOOP 
** IF THE RECEIVER MUST BE WITHIN THE 
** LOOKING UNTIL AN ADEQUATE RECEIVER 


ee 


‘CK. GROUPS. AND.FAMILIES* 
IF SELECTOR < IN.GROUP, 
IF GROUP (XMTR) = GROUP (RCVR) 
GO SEE.IF.XMTR.EQ.RCYR 
REGARDLESS 
LET R.TOT.PERCENT = 0.0 
GO FINO. RECEIVER 
REGARDLESS 
IF SELECTGR < (IN.GROUP + IN.FAMILY), 
IF FAMILY (XMTR) = FAMILY (RCVR), 
GO SEE.1F.XMTR.EQ.RCVA 
RESAROLESS 
LET R.TOT.PERCENT = 0.0 
GO FINO.RECEIVER 
REGARDLESS 


SAME GROUP OR FAMILY, KEEP 
IS FOUND. 





"SEE. IF.XMTR. EQ. RCVR* 
IF RCVR = XMTR,~ 
LET R.TOT.PERCENT = 0.0 
GO FINO.RECEIVER 
REGARDLESS 


“MAKE. THE. MSG ° 
** FOR UNIFORM OISTRIBUTIGN OF MESSAGE LENGTH; 
LET PKT.COUNT = RANOI.F (1, INT.F (MAX.PPM), 4) 


** FOR GEOMETRICALLY OISTRIBUTED MESSAGE LENGTH; 
IF BY.GEOM.OIST = ALIVE, 
TF AVE. PPM =.91.0, 
LET PKT.COUNT = 1 
ELSE 
LET PKT.COUNT = TRUNC.F ({LOG.E.F (UNIFORM.F (0.,1.,3))/ | 
EQS 6. (yee aver eMii) + 712) 
REGAROLESS 
REGAROLESS 
IF PRNT >= 1, 
SKIP 1 LINE 
PRINT 1 LINE WITH TIME.V, XMTR, PKT.CGUNT, RCYR AS FOLLOWS 
aa. ec (9) 2 wsaaNEW PACKET MESSAGEsea -- xxx PACKETS DESTINED FOR xxx. 
REGAROLESS 


** KEEP TRACK OF THE TOTAL NUMBER GF MESSAGES ANDO PACKETS GENERATED. 
LET NEW.MSG.TOTAL 2 NEW.MSG.TOTAL + 1 

LET NEW.PKT.TOTAL 2 NEW.PKT.TOTAL + PKT.COUNT 

LET SYS.PACKETS =»  NEW.PKT.TOTAL - COMP.TRIP.PKT 

** KEEP TRACK OF THE NUMBER OF PACKETS WHICH ARE GENERATEO BETWEEN THIS 
** PARTICULAR SOURCE NODE AND SINK NODE. 


LET BORN.PKTS (XMTR,RCYR) = BORN.PXTS (XMTR,RCVA) + PKT. COUNT 


** CREATE A PACKET FOR EACH PACKET REQUIREO FOR THE MESSAGE. 


FER 1 = 1 TO PKT.COUNT, O80 
CREATE A PACKET 
LET ORG.NOOE (PACKET) = XMTR 
LET SEG. TIME (PACKET) = TIME.Y 
LET HOP.COUNT (PACKET) = NONE 
LET OEST.NODE (PACKET) = RCVR 
LET RELAY.NODE (PACKET) 3 XMTR 


Zo 








LET MSG.10.NUM (PACKET) = NEW.MSG.TOTAL 
LET PKT.ID(PACKET) = 1 

LET PKT.SUM(PACKET) = PKT.COUNT 

LET LIFETIME (PACKET) = ALIVE 

LET QSTAT (PACKET) = OUT 


ADDRESS THE PACKET TG THE APPROPRIATE NEXT STOP USING THE 
BEST PATH INFORMATION. 


IF FAMILY (XMTR) NE FAMILY (RCVA), 
CHECK TQ SEE IF THE DESTINATION NODE MAY BE A BORDER CASE. 
IF BEST.PATH(XMTR,RCVR) NE QO, 


IN THIS CASE, THE DESTINATION IS A BORDER CASE. 
LET NEXT.NGDE (PACKET) = BEST.PATH (XMTR,RCVR) 
GO CHECK.LINK.STATUS 

REGARDLESS 


LET NEXT.NGDE (PACKET) = BEST.PATH(XMTR, FAMILY (RCVR)) 
GG CHECK.LINK.STATUS 
REGARDLESS 


IF GROUP (XMTR) NE GROUPI(RCVR), 


CHECK FOR BORDER CASE AGAIN 

IF BEST. PATH (XMTR,ACVR) NE O, 
IN THIS CASE THE DESTINATION IS A BORDER CASE. 
LET NEXT.NGDE (PACKET) = BEST.PATH (XMTR,RACVA) 
GO CHECK.LINK.STATUS ) 

REGARDLESS 


LET NEXT.NODE (PACKET) = BEST.PATH (XMTR, GROUP (RCVR) ) 
GO CHECK.LINK.STATUS 

REGARDLESS 

BOTH THE GRIGIN AND DESTINATION ARE IN THE SAME GROUP. 


LET NEXT.NODE (PACKET) = BEST.PATH (XMTR, RCVR) 


“CHECK. LINK. STATUS * 


IF QUTGSING LINK IS IDLE SEND OUT THE PACKET. 

FOR EACH LINK IN LiINK.SET(XMTR} WITH TERM(LINK) = 
NEXT.NODE (PACKET), FIND THE.LINK = LINK, 

IF FOUNO, 


IF STATUS (THE.LINK) = IDLE, 





1F PANT ==" 1, 
PRINT 1 LINE WITH TERM(THE.LINK), PKT.ID (PACKET), 
MSG. I1D.NUM (PACKET) AS FOLLOWS 
LINK TG = IS IDLE. PACKET 2 xx OF MESSAGE 2 xnxx SENT. 


REGARDLESS 
a KEEP TRACK OF ALL PACKETS WHICH ARE PROPAGATING 
a DOWN THE LINK. 


LET NEW. TIME = TIME.V + PKT.XMN.TIME 
IF DISCRETE.TIMER = ALIVE, 
LET NEW.TIME = (TRUNC.F (NEW. TIME/BIT. INTERVAL) 
x BIT. INTERVAL) + U.XMN.TIME 
REGARDLESS 
SCHEDULE A M2. RECEIVE. MESSAGE.PACKET CALLED 
THE.NAME GIVEN PACKET AT NEW. TIME 
LET P.ARRIVAL (PACKET) = NEW. TIME 
LET P.NAME (PACKET) » THE.NAME 
FILE PACKET IN PROP. QUEUE (THE.LINK) 
LET STATUS (THE.LINK) = BUSY 
GO TO NEXT.POINT 
REGARDLESS 


ee LINK IS BUSY SG FILE PACKET IN THE QUEUE. 


IF PRNT >= 1, 
PRINT 1 LINE WITH TERM(THE.LINK), PKT.ID (PACKET), 
MSG. 10.NUM (PACKET) AS FOLLOWS 
LINK TO “=m IS BUSY. PACKET »@ xxx OF MESSAGE = xxx IN Q. 
REGARDLESS 


LET QSTAT (PACKET) = INQ 
FILE PACKET IN QUEUE (THE.LINK) 
LET QUESIZ(THE.LINK) = N.QUEUE (THE.LINK) 
REGAROLESS 
“NEXT. POINT" 
LoePp 
** SCHEDULE MORE TRAFFIC TO BE GENERATED AT A FUTURE TIME IF THE 
*“* TRAFFIC LIMIT HAS NOT BEEN VIOLATED. 
IF NEW. MSG. TOTAL <= TRAF.LIMIT, 
SCHEDULE A M1.GENERATE. MESSAGE GIVEN PACKET IN 
EXPONENTIAL.F (MSG.GENERATIGN. INTERVAL, 8) UNITS 
REGARDLESS 


RETURN 





END ‘‘OF M1.GENERATE.MESSAGE 
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EVENT M2. RECEIVE.MESSAGE.PACKET GIVEN PA.CKET 

** THIS EVENT DEPICTS THE ACTIONS TAKEN BE A NODE UPON RECEPTION 

‘* @F A PACKET MESSAGE. 

DEFINE THIS.N@DE, PAST.NGDE, PKT, PAC.KET, DEAD.PKT, THE.CKT, 
THE.NAME, THE.LINK AS VARIABLES 

LET PKT = PA.CKET 

LET THIS.NODE = NEXT.NQDE (PKT) 

LET PAST.NODE = RELAY.NGDE (PKT) 

LET HOP.COUNT (PKT) = HOP.CQUNT(PKT) + 1 


** THE PACKET HAS BEEN PROPAGATING OOWN THE LINK AND HAS BEEN KEPT 
** TRACK GF BY MEANS GF THE PROP.QUEUE OF THAT LINK. THE PACKET HAS 
** RRRIVEO ANDO CAN NOW BE REMGVED FROM THE PROPAGATIGN QUEUE. 
FOR EACH LINK IN LINK.SET(PAST.NGDE) WITH TERM(LINK) = 
THIS.NGDE, FINO THE.LINK = LINK, 
IF FOUND, 
LET PTCGUNT (THE.LINK) = PTCQUNT(THE.LINK) + 1 
REMOVE THE FIRST PAC.KET FROM PROP. QUEUE (THE.LINK) 
REGARDLESS 
IF PRNT >= 1, 
SKIP 1 LINE 
PRINT 2 LINE WITH TIME.¥. THIS.NOBDE, MSG. IO.NUM(PKT), PKT.1D (PKT) ,. 
BEG. TIME (PKT) , PAST.NODE, HOP.COUNT (PKT} AS FOLLGWS 
mee, aoe (9} 2 za> PACKET RRRIVES <@ea, PRCKET (scone, xerere, veocne, serenere) 
FROM NOCE == WITH TOTAL HOPS = mom, 
REGAROLESS 
** IF THIS NQDE HAPPENS TQ BE THE FINAL DESTINATION GF THE PACKET, 
** THEN THE FOLLOWING COMPLETED TRIP ACTION IS TAKEN. 


ee 


IF THIS.NODE = DEST.NODE (PKT), 


e6 


** STATISTICS ARE KEPT ON ALL PACKETS WHICH COMPLETED TRIP. 


LET LIFETIME (PKT) = DEAD 

LET COMP.TRIP.PKT = COMP.TAIP.PKT + 1 

LET SYS.PACKETS = NEW.PKT. TOTAL - COMP. TRIP.PKT 
LET HOP.TOTAL HOP.TOTAL + HOP.CQUNT (PKT) 
LET XMT.TATAL = XMT.TOTAL + TRANSIT. TIME (PKT) 
LET QU. TOTAL 2 QU.TOTAL + QUE.PKT. TIME (PKT) 





** STATISTICS ARE ALSO KEPT IN REGARD TO THE TRAFFIC BETWEEN THIS 
** PARTICULAR SOURCE NODE AND SINK NODE. 


LET JUMP. TOTAL (ORG. NODE (PKT) ,DEST.NODE (PKT)) = 

JUMP. TOTAL (ORG.NODE (PKT) ,DEST.NODE (PKT)) + HOP.COUNT (PKT) 
LET LENGTH. TRIP (ORG. NODE (PKT) , DEST. NODE (PKT)) = 

LENGTH. TRIP (ORG. NODE (PKT) ,DEST.NODE (PKT)) + TRANSIT. TIME (PKT) 
LET GONE.PKTS (ORG. NODE (PKT) ,DEST.NODE (PKT)) = 

GONE.PKTS (ORG. NODE (PKT) ,DEST.NODE(PKT)) + 1 


DESTROY PACKET CALLED PKT 
GO 16 NEXT.PART 


REGAROLESS 

** FOR CONTINUING PACKETS THEIR NEXT STOP IS DETERMINED. 

** THE SIMULATION MAY BE RUN USING VIRTUAL CIRCUITS GR DATAGARAMS. 
** THE VIRTUAL CIRCUITS ARE MADE UP OF LINK ROUTES DETERMINED 

‘* BY THE FIAST PACKET OF A MESSAGE TO TRAVERSE THE NETWORK TO 

** ITS DESTINATION. THE REMAINING PACKETS OF THE MESSAGE WILL 

** FOLLOW THE SAME ROUTE REGARDLESS CF CHANGES TO THE BEST PATHS 
** WHICH NAY TAKE PLACE. 


IF USE.VIAT.CKTS = DEAD, 
GO GET.BEST.PATH 
REGARDLESS 
ee 
FOR EACH CIRCUIT IN THE VIRT.CKT.LIST (THIS.NODE) WITH CKT.ID(CIRCUIT) = 
MSG. ID.NUM(PKT), FIND THE.CKT » CIRCUIT, 
IF FOUND, 
LET NEXT.NCDE (PKT) = VIAT.BP(THE.CKT) 
** JF THIS IS THE LAST PACKET GF A MESSAGE THEN BREAK DOWN THE 
** WIRTUAL CIRCUIT. 
IF PXT.SUM(PKT) = PKT.ID(PKT), 
REMOVE THE.CKT FROM VIRT.CKT.LIST (THIS.NODE) 
DESTROY CIRCUIT CALLED THE.CKT 
REGARDLESS 
GO CHECK. THE.LINK. STATUS 
REGARDLESS 


*GET.BEST.PATH® 

** THIS SECTION IS USED WHEN VIRTUAL CIRCUITS ARE NOT BEING USED 

*"* GR FOR THE CASE WHERE THIS IS THE FIRST PACKET OF A MESSAGE TO BE 
** RECEIVED 8Y THIS NODE WHEN USING VIRTUAL CIRCUITS WHEREBY THE 

‘* BEST PATH 1S DETERMINED SASED UPON CURRENT INFORMATIGN. 


IF FAMILY (THIS.N@DE) NE FAMILY (DEST.NGDE (PKT)), 


ho 
CO 
Op 





‘* CHECK TO SEE IF THE DESTINATION NODE MAY BE A BORDER CASE. 


IF BEST. PATH(THIS.NOGDE, DEST.NODE (PKT)) NE QO, 


a IN THIS CASE, THE DESTINATION 15 A BORDER CASE. 
LET NEXT.NODE (PKT) 2 BEST.PATH(THIS.NOOE, DEST.NODE (PKT) } 
GO MAKE. THE. VIRTUAL.CKT ; 
REGARDLESS 
LET NEXT.NODE (PKT) = BEST.PATH(THIS.NODE, FAMILY (DEST.NODE (PKT))) 
GO MAKE. THE. VIRTUAL.CKT 
REGAROLESS 


IF GROUP (THIS.NODE) NE GROUP (DEST.NODE (PKT)),. 


*“* CHECK FOR BORDER CASE AGAIN 


IF BEST.PATH(THIS.NODE,OEST.NOOE (PKT)) NE OQ, 
os IN THIS CASE THE DESTINATION IS A BORDER CASE. 
LET NEXT.NODE (PKT) = SEST.PATHI(THIS.NODE, DEST.NGDE (PKT)) 
GO MAKE. THE.VIRTUAL. CKT 
REGAROLESS 
LET NEXT.NOOE (PKT) 2 BEST.PATH (THIS.NODE, GROUP (DEST.NOOE (PKT))) 
GO MAKE. THE. VIRTUAL.CKT 
REGARDLESS 


** BOTH THE SRIGIN AND DESTINATION ARE IN THE SAME GROUP. 


LET NEXT.NOODE(PKT) = BEST.PATH(THIS.NODE, OEST.NODE (PKT)) 


“MAKE. THE. VIRTUAL.CKT° 
IF USE.VIRT.CKTS = OEAD, 
GO CHECK. THE.LINK.STATUS 
REGARDLESS 
CREATE A CIRCUIT 
LET CKT.ID(CIRCUIT) = 4SG.10.NUM (PKT) 
LET VIRT.BP (CIRCUIT) = NEXT.NODE (PKT) 
FILE THE CIRCUIT IN THE VIRT.CKT.LIST (THIS. NODE) 


i | 


“CHECK. THE.LINK. STATUS * 


LET RELAY.NODE (PKT) = THIS.NODE 


‘* 1F QUTGOING LINK IS IDLE SENO GUT THE PACKET. 


FOR EACH LINK IN LINK.SET(THIS.NOQE) WITH TERM(LINK) = 


fase | 





NEXT.NGOE (PKT), FINO THE.LINK = LINK, 
IF FOUND, 

IF STATUS (THE.LINK) = IDOLE, 

SCHEDULE A M2.RECEIVE.MESSAGE.PACKET CALLED THE.NAME GIVEN PKT 
AT TIME.V + PKT.XMN. TIME 

LET P.ARRIVAL (PKT) = TIME.V * PKT.XMN.TIME 
LET P.NAME (PKT) = THE.NAME © 
FILE PKT IN PROP. QUEUE (THE.LINK) 
LET STATUS (THE.LINK} =| BUST 
GO 10 NEXT.PART 

REGAROLESS 


** LINK IS BUSY SO FILE PACKET IN THE QUEUE. 
LET QSTAT(PKT) = INQ 
FILE PXT IN QUEUE (THE.LINK) 
LET QUESIZ(THE.LINK) = N. QUEUE (THE.LINK) 
REGAROLESS 


ee 


*NEXT.PART * 
** CHECK THE QUEUE CF THE NODE FRGM WHICH THE PACKET WAS RELATED. 
** IF THE NODE‘S QUEUE HAS MORE TRAFFIC, THEN HAVE THE NODE SENO 7HE 
*~ TRAFFIC. IF NOT. THEN SET THE LINK STATUS 70 IDOLE. 
FOR EACH LINK IN LINK.SET (PAST.NGOE) RITH TERM (LINK) «THIS.NODE, 
FINO THE.LINK = LINK, 
IF FOUND, 
IF QUEVE(THE.LINK) IS EMPTY, 
LET STATUS (THE.LINK) = IDLE 
RETURN 
REGAROLESS 


REMOVE FIRST PAC. KET FROM QUEUE (THE.LINK) 
LET QUESIZ(THE.LINK) = N. QUEUE (THE.LINK) 
LET QSTAT (PAC. KET) = CUT 
SCHEDULE A Me. RECEIVE.MESSAGE.PACKET CALLED THE.NAME GIVEN PAC. KET 
AT TIME.V + PKT.XMN. TIME 
LET P. ARRIVAL (PAC. KET) = TIME.V * PKT.XMN.TIME 
LET P.NAME (PAC. KET) = THE.NAME 
FILE PAC.KET IN PROP. QUEUE (THE.LINK) 
RETURN 
REGARDLESS 


RETURN 
END °°GF M2. RECEIVE. MESSAGE. PACKET 
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EVENT E1. TRANSIENT. BLANKING 


** THIS EVENT IS USED AFTER THE SIMULATION HAS RUN LONG ENOUGH 

** FOR THE °START UP* TRANSIENT TO SUBSIDE. THE TIME AT WHICH 

** THIS EVENT IS SCHEDULED DEPENDS UPON THE NETWORK AND THE RATE 

** AT WHICH TRAFFIC INTO THE SYSTEM IS BEING GENERATED. 

** WHEN “BLANK. TRANSIENT* IS CALLED ALL STATISTIC ACCUMULATING 

** ROUTINES ARE RESET TO ZERO SO THAT THE RESULTS OBTAINED 

** WILL NOT BE EFFECTED BY THE TRANSIENT FELT BY THE NETWORK AT THE 
** BEGINNING OF THE SIMULATION. 


DEFINE ITEM1, ITEM2, ITEM3 AS VARIABLES 


FOR EVERY N@DE, DC 
FOR EACH ITEM! IN LINK.SET (NODE), DO 
RESET THE TOTALS OF STATUS(ITEMI), N. QUEUE (ITEM?) 
LOOP 
LOOP 
RESET THE TOTALS OF SYS.PACKETS 
RETURN 
END ‘*“OF E1. TRANSIENT. 8BLANKING 
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EVENT E2.COLLECT.DATA 

** DURING THIS EVENT, DATA 15 COLLECTED ON VARIOUS MONITORED VARIABLES 
** AT SPECIFIED INTERVALS DURING THE SIMULATION. 

** THIS DATA IS THEN UTILIZED WITH GRAPHIC ROUTINES SUCH THAT 

** THE PERFORMANCE OF THE NETWORK CAN BE ANALYZIED THROUGHOUT THE 

** TIMEFRAME OF THE SIMULATION. : 


DEFINE ML. MQ AS REAL VARIABLES 
LET ML = 0.0 - 
LET OQ 2 0.0 


** THE NETWORK QUANTITIES TO BE COMPUTED AT THIS TIME ARE: 


(1) THE TOTAL NUMBER OF PACKETS WITHIN THE SYSTEM. 
pe (2) THE MEAN LINK UTILIZATION FOR THE NETWORK. 

a (3) THE MEAN QUEUE SIZE FOR THE NETWORK. 

: (4) THE TOTAL TRIP TIME PER PACKET {AVERAGE}. 

nay (5) THE TIME PER HOP FOR EACH PACKET (AVERAGE). 


FOR EACH NOUE, DO 


FOR EACH LINK IN LINK.SET (NODE), 00 


ASS 





LET ML = ML + LK.MEAN (LINK) 
LET MQ = MQ * QU.MEAN (LINK) 
Loop 
LOOP 
a4 
LET ML = ML / (2. = REAL.F (LINKS)) 
LET MQ = MQ / (2. « REAL.F (LINKS) ) 


USE UNIT 8 FOR OUTPUT 


IF COMP. TRIP.PKT EQ O, 
WRITE TIME.V, REAL.F (SYS.PACKETS), ML, MQ, 
0.0.0.0 AS /,B 1,8 0(10,3),e2 0(10,8) 
ELSE 
WRITE TIME.Y¥, REAL.F (SYS.PACKETS), ML, MQ, 
(XMT.TOTAL/REAL.F (COMP.TRIP.PKT)), (XMT.TOTAL/REAL.F (HOP. TOTAL) ) 
AS /7.B 1,48 0(10,3),2 0(10,8) 
REGARDLESS 


USE UNIT 6 FOR GUTPUT 

IF PRNT > 1, 
PRINT 1 LINE WITH TIME.V RS FOLLOWS 

seuusseas SIMULATION TIME = xu nnn |=6pe a eaaaaaaaaaaas as 
PERFORM E€5.BEST.PATH. ROUTING. TABLE 
PERFGRM ES.LINK.WEIGHT.MATRIX 

REGAROLESS 


SCHEDULE A E2.COLLECT.DATA IN (TIME.LIMIT/REAL.F (SAMPLES) ) UNITS 
RETURN 
ENG °*°OF E2.COLLECT.OATA 
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ROUTINE FOR €3.PARAMETER.LISTING 


>’ AT THE BEGINNING OF EACH SIMULATION RUN, INITIAL PARAMETER 
** VALUES ARE PRINTED. 
START NEW PAGE 
SKIP 3 LINES 
PRINT 3 LINE AS FOLLOWS 
PTT SEELICT OEIC PII ESIOL ESTEE Pererrrrerrrrrrrrereryry sy | 
eeas SIMULATION INITIAL CONDITIONS aaae 


SSSKSAAIVISSVIVISTSITVAVISTTAIAAAAAAIAIAIAITAAAIVIAVISVIARBAIAVABVIAVWsAS| 
ep 


SKIP 2 LINES 

PRINT 951 LINES WITH 
N.NODE, 2 ™ LINKS, LNK.NOD.RATIC. MAX.LINKS.PER.NODE. 
MAX.GRP.NGOCES, MAX.FAM.NOOES, 





TIME.LIMIT, PKT.XMN.TIME, U.XMN.TIME, TRAF.LIMIT, 
IN. GROUP, IN.FAMILY, NCO.TIME, GRP.TIME, FAM. TIME, 
BRACKET, GP.FIRE,. FMor RE. ERA.PERIGO, 
NODE.FACTOR, DELTA AS FOLLOWS 
NUMBER SOF NODES 15 vemrescm, 
NUMBER OF LINKS 15 soem, 
RATIO GF LINKS TO NGDES 15 xveserscoe, sercrercre, 
MAXIMUM NUMBER OF ite PER NODE 15 sven, 
MAXIMUM NUMBER OF NODES PER GROUP I5 xenon, 
MAXIMUM NUMBER OF NODES PER FAMILY I5_ xoesere. 
TIME LIMIT I5 xoeserene, sxe SEC. 
TIME REQUIRED TG TRANSMIT A PACKET 15 xv, nvemmree SEC. 
TIME REQUIRED TO TRANSMIT AN UPDATE 15 mere, sererercxe SEC. 
MAXIMUM NUMBER OF MESSAGES GENERATED PER RUN IS semmsem, 
AT LERST x. 2 GF MESSAGES ARE TO NODES WITHIN A GROUP. 
AT LEAST xx. Z GF MESSAGES ARE TQ NODES WITHIN A FAMILY. 
MINIMUM TIME SETWEEN CONSECUTIVE NODE UPDATES IS sac, GGG SEC. 
7 : : GROUP . > aoe, eae SEC. 
: is . FAMILY c : mene, orm SEC, 
TIME BRACKET FSR WHICH NODE UPDATES CAN OCCUR IS me, KOE SEC. 
PROPAGATION TIME ALLOWED FOR GROUP WARNING MESSAGE em, annex SEC. 


. = e e ° e = mre, moc SEC. 


TIME PERIGO FOR WHICH NODE KzPT TRANSMIT RECGROS orem, oem SEC, 


S01: 





NODE.FACTOR 15 xs, 


DELTA IS sarere. secre, 


eee eS SS SS SS SSF SF FSF FSF SF SF SF SF SF SF SF SF SF SF SF FF SF SF SF SF SF SF SF SF SF FF FSF SF SF SF FF FF SF FE 2 SF SF SF S22 SS SS SS 


RETURN 
END ‘‘OF &3.PARAMETER.LISTING 
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EVENT EY.NETWORK.PERFORMANCE. REPORT 


THIS SECTION PRODUCES A REPORT OF THE STATUS OF THE NETWORK 
i AT THE TIME OF REQUEST. 

a NETHORK STATUS INCLUDES SUCH AREAS AS MESSAGE GENERATION, 
oe THROUGHPUT, UTILIZATION FACTORS FOR THE LINKS, QUEUE 

es STATISTICS, AND BEST PATH INFORMATION. 


DEFINE ML, MQ, MXQ, SOQ, AV.UPCOUNT, QML, OMQ, QMXQ, QSDQ 
AS REAL VARIABLES 
DEFINE COUNT.SUM AS A VARIABLE 
START NEW PAGE 
SKIP 2 LINES 
PRINT S LINES WITH TIME.Y, (1./MSG.GENERATION. INTERVAL), 
(AVE. PPM/MSG. GENERATION. INTERVAL), AVE.PPM AS FOLLOWS 
sesuuueuasssesan NETNORK STATUS REPORT sasaunuaueunacunaaes 
BSRGaunuuaesaseuaa TIME 3 Wn mm = =—SER SEES ESHA SARE ESS 
MESSAGE GENERATION RATE: sooo. wo MESSAGES PER SECOND 
PACKET GENERATIGN RATE: seco, oc PACKETS PER SECOND 
AVERAGE MESSAGE LENGTH ¢ aren. wee PACKETS 
IF BY.GEOM.DIST = ALIVE, 
PRINT 1 LINE AS FOLLOWS 
GEGMETRIC DISTRIBUTION FOR MESSAGE LENGTHS USED. 
Rise 
PRINT 1 LINE WITH MAX.PPM AS FOLLOWS 
UNIFORM DISTRIBUTION FOR MESSAGE LENGTHS USED (MAX LENGTH wx PKTS) 
REGARDLESS 


SKIP 1 LINE 
IF STATIC.8P = ALIVE, 
PRINT 1 LINE AS FOLLOWS 
saae STATIC ROUTING UTILIZED esas 
GO RITE.HERE 
REGARDLESS 
PRINT 2 LINES WITH NOO.TIME AS FOLLOWS 
seus DYNAMIC ROUTING UTILIZED sasa 
TIME BETWEEN CONSECUTIVE UPOATES GENERATED BY A NODE = woe, xoereren, 
G&8 TO METHGD.1. METHOD.2, METHOO.3, METHOO.4, METHOD.S 
PER MANNER. OF. WEIGHTING 
“METHOD. 1° 


8 








PRINT ! LINE AS FOLLOWS 
LINK WEIGHTS DETERMINED BY USING ONLY THE CURRENT QUEUE SIZE. 
GO AITE.HERE 
*METHOD. 2° 
PRINT &Y LINE WITH WT.TIME, NUM.OF. WEIGHTS AS FOLLOWS 
LINK WEIGHTS OETERMINEO BY USING THE AVERAGE OF A NUMBER OF 
QUEUE SIZE SAMPLES TAKEN EVERY ‘WINOOQW’ SECONDS. 
WINDOK TIME = xm, mmm SECONDS 
NUMBER OF WINDOWS = xmx 
GO RITE.HERE 
*METHOO.3° 
PRINT WY LINE WITH WI. TIME, NUM. GF.WEIGHTS AS FOLLOWS 
LINK WEIGHTS DETERMINED BY USING THE AVERAGE OF A NUMBER OF 
QUEUE SIZE AVERAGES FOR A GIVEN SIZE TIME ‘WINOOW'. 
WINDOW TIME = wm. SECONOS 
NUMBER OF WINDOWS = wun 
GO RITE.HERE 
*“METHOO.4* 
PRINT Y LINE WITH WT.TIME, NUM.OF.WEIGHTS AS FOLLOWS 
LINK WEIGHTS OETERMINEO BY USING A FUNCTION GF THE LINK*’S 
UTILIZATION AVERAGED FOR A NUMBER OF TIME ‘WINDOWS *. 
WINDOW TIME = mewn SECONDS 
NUMBER OF WINDOWS = xen 
GO RITE. HERE 
“METHOD. S* 
PRINT 7 LINE WITH WT.TIME, NUM.OF.WEIGHTS, QU.FACT AS FOLLOWS 
LINK WEIGHTS DETERMINED BY USING A LINEAR COMBINATION OF THE 
LINK*S UTILIZATION AVERAGED FOR A NUMBER OF TIME ‘WINOOWS* ANDO 
THE QUEUE SIZE AT THE TIME OF UPDATING FOR THE BEST PATH. THIS 
VALUE OF THE QUEUE SIZE 15 SCALED WITH THE MULTIPLYING BY QU.FACT. 
WINDOW TIME = ue, nnn SECONDS 
NUMBER OF WINDOWS = wun 
QUEUE FACTOR 3 xr, specs 
*RITE. HERE * 
SKIP ! LINE 
IF USE. VIRT.CKTS = OEAD, 
PRINT 1 LINE AS FOLLOWS 
VIRTUAL CIRCUITS WERE NOT USED. 
ELSE 
PRINT ! LINE AS FOLLOWS 
VIRTUAL CIRCUITS WERE USEQO. 
REGARDLESS 
SKIP 1 LINE 
IF OISCRETE.TIMER = ALIVE, 
PRINT 1 LINE WITH BIT. INTERVAL AS FOLLOWS 
DISCRETE CLOCK WITH PERICO x. xunmnx SECONDS USED. 
BESE 
PRINT 1 LINE AS FOLLOWS 


oe 





NO DISCRETE CLOCK USED. 
REGARDLESS 
IF SYNCH.FIRING = ALIVE, 
SKIP 1 LINE 
PRINT ! LINE AS FOLLOWS 
SYNCHRONIZED FIRING OF GROUP/FAMILY UPDATES USED. 
REGARDLESS 
SKIP 1 LINE 
PRINT 2 LINES WITH NUL. TRANSIENT AS FOLLOWS : 
“START-UP* TRANSIENT OF NETWORK NULLIFIED FOR ACCUMULATED 
DATA AT SIMULATION TIME = xx ux SECGNOS. 
LET ML = 0.0 
LET MO = 0.0 
LET MXO = 0.0 
LET SOQ = 0.0 
LET QML = 0.0 
LET Q6Q = 0.0 
LET QMxXQ = 0.0 
LET QSDQ = 0.90 
LET COUNT.SUM = 0 


SKIP 3 LINE 

PRINT 2 DOUBLE LINES AS FOLLOWS 

== _ inn — (esi PSG SS MSGSSGQUEVE SIZE ==--=-- UPDATES UPDATE 
SSS UPDATE QUEUE SIZE ------- 

FROM 10 UTIL. XMTEO MEAN MAX DEV NOW XMTED UTIL. 
MEAN MAX DEY NOW 


FOR EACH NGDE, OG 


FOR EACH LINK IN LINK.SETI(NGDE), 00 
PRINT : DOUBLE LINE WITH NODE, TERM(LINK), LK.MEAN (LINK), PTCOUNT (LINK), 
OU.MEAN (LINK), QU.MAX (LINK), QU.DEV(LINK}, N.CUEUE (LINK), 
UPCOUNT (LINK), UP.RHO(LINK), UP.MEAN(LINK), UP.MAX (LINK), 
UP.DEV (LINK), N.UQUEUE (LINK) 


AS FOLLOWS 
oe LEC CC MCE Ot ee yt Mee oe PEE OC, 9K PCC Ler: ME OEIC IE IE 
WDE, 3 IE be ME, OM SOE, SOO Mee 3 


LET ML = ML + LK.MEAN (LINK) 
LET MQ = MQ * QU.MEAN (LINK) 
LET SOQ = SOQ + QU.DEV (LINK) 
IF MXQ < QU.MAX (LINK), 

LET MXQ = QU.MAX (LINK) 
REGARDLESS 
LET GML = QML + UP.RHO (LINK) 
LET QMQ = GMO + UP.MEAN (LINK) 
LET QSDQ = 8500 + UP.DEV (LINK) 
IF QMXQ < UP.MAX (LINK), 

LET QMXQ = UP.MAX (LINK) 
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REGARDLESS 
LET COUNT. SUM = COUNT.SUM * UPCOUNT (LINK) 
LOGP 
LOGP 
LET ML = ML / (2. =» REAL.F (LINKS) ) 
LET SDQ = SDQ / (2. ™ REAL.F (LINKS) ) 
LET MQ = MQ / (2. ™ REAL.F (LINKS) ) 
LET QML = QML / i2. =» REAL.F (LINKS) )} 
LET Q500 = QS0Q / (2. » REAL.F (LINKS) 
LET Q4Q = Q4Q / (ee. « REAL.F (LINKS) } 
PRINT 1 OGUBLE LINE AS FOLLOWS 
BOSSEEES --—--2—— 2 2 2 289 eee wen e= oe mmm a a 
PRINT 1 DOUBLE LINE WITH ML, MQ, MXQ, SDQ, QML, QQ, Q4XQ, QSDOQ 
AS FOLLOWS 
AVERAGES 1, mses 200. F000) JOOOG, 2, FOO 2, POO 
POE, PONE OC 3 PEt ee. POE. MOC OOM 
SKIP 1 LINE 


a PACKETS COMPLETING TRIP 
PRINT 12 LINES WITH NEW. MSG.TOTAL, NEW.PKT.TOTAL, COMP.TRIP.PKT, 
STS.PACKETS, AV.S7S.PACKETS. 
(REAL. F (HOP. TOTAL) /REAL.F (COMP. TRIP.PKT)), 
(XMT. TOTAL/REAL.F (COMP.TRIP.PKTI), 
(QU. TOTAL/REAL.F (COMP. TRIP.PKT)}, 
(XMT. TOTAL/REAL.F (HOP. TOTAL) ) 


AS FOLLGWS 
NUMBER OF MESSAGES GENERATED PEC EE CER 
NUMBER OF PACKETS GENERATED _ OOGGOG, 


NUMBER GF PACKETS COMPLETING TRIP = moersesescee, 
NUMBER GF PACKETS STILL IN TRANSIT xocoescscee, 
AYG NUMBER OF PACKETS IN SYSTEM MPC SE CE, OC OO 


FOR THE PACKETS WHICH COMPLETED THEIR TRIPS: 


LENGTH OF TRIP (AVG) 300, 0000 HOPS 

TOTAL TRIP TIME (AVG) x0, 0000C SECONDS 
TIME SPENT IN QUEUE (AVG) xo. soe SECONDS 
TIME PER HOP (AVG) mG. 900000 SECONDS 


LET AV.UPCOUNT = (REAL.F (COUNT.SUM) /(2.™REAL.F (LINKS) 3 /TIME.Y 
PRINT 4 LINES WITH U.COUNT, COUNT.SUM, AY.UPCOUNT AS FOLLOWS 


NO. GF ORIGINAL UPOATES GENERATED BY ALL NETWORK NODES = mowocsemocsen 
NO. OF UPDATE TRANSMISSIONS OVER ALL NETWORK LINKS altatetelstetat at. 
AVG NUMBER OF UPDATES TRANSMITTED PER LINK PER SECONO = SOOO. OE 


IF N.NODE < 15, 
** PRINT CONSTRAINT GN OUTPUT 





PERFORM €5.8EST.PATH. ROUTING. TABLE 

PERFORM E£6.LINK.WEIGHT.MATRIX 

PERFORM £7. TRAFFIC.DISTRIBUTIGN 
REGAROLESS 


* TERMINATE THE SCHEDULED SIMULATION IF THE TIME LIMIT IS UP. 


IF TIME. V >= TIME.LIMIT 
SKIP 2 LINES 
PRINT 1! LINE WITH TIME.V AS FOLLOWS 
s a2 @ SIMULATION ENDS AT TIME = xuxcunme SECONDS 28 @ @ @ 
PERFORM P6&.PURGE.EVENT. QUEUE 
GO NG. MORE 
REGAROLESS 
SCHEDULE A EY.NETWORK.PERFORMANCE.REPGRT IN 
(TIME. LIMIT/REAL.F (NUM. REPORTS. REQUESTED) ) UNITS 
“NG. MORE * 
RETURN 
ENO “‘GF EY.NETWORK. PERFORMANCE. REPORT 


a HE HC OE DE HC HC OE OE DE OG DE OG HE DC OG HE HE HE Hq HE HG DC HE HE HE HE HE He HE HE HE HE HE HE Da HE HE HE HE HE HE HE HE HE HE HE HE HE HE HC HE HE HE HE HC HE HE HE HE HE OE HE DE DE DE 


ROUTINE FOR ES.BEST.PATH. ROUTING. TABLE 


a¢@ 


** THIS ROUTINE PRINTS THE BEST PATH MATRIX FOR THE NETWORK. 


DEFINE ISKIP AS INTEGER VARIABLE 
IF N.NODE > 14, 

GO COPY.BP.MATRIX 
REGARDLESS 


*“* PRINT THE BEST PATH MATRIX. 

SKIP 2 LINES 

PRINT 3 LINES AS FOLLOWS 
RSARAAKAAKAKAKAARKSHSAAKRARARARAS 
aeeaue BEST PATHS Saanagn 
SRARASAAAASKASAASAGAAARAAAAARES 

SKIP 2 LINES 

CET ISKIP «-1 


WRITE AS B 1, °FM-TO® 
FOR cACH NODE. D6 

Cel ToKIPs 7 * ISKIP 

WRITE NOCE AS B ISKIP,“°N*,I 2 
LOOP 
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TE SGHESe> 1, 
FOR 1 = 1 TO GRPS, OC 
LET ISKIP = 7 + ISKIP 
WRITE I AS 8 ISKIP,°G",1 2 
LOOP 
IF FMLYS > 1, 
FOR I = 1 TO FMLYS, O6 
DET ISKIP = 7 + ISKIP 
WRITE I AS B ISKIP,°F*,1 e 
LOOP 
REGAROLESS 
REGAROLESS - 
SKIP 2 LINES 
FOR EACH NODE, O98 
WRITE NODE AS B 2,°N*,1 2 
FOR J = 1 TO NGFS, WITH BEST.PATH (NODE. J) NE O, 00 
CEM SKIP = (J = 7) * 1 
WRITE BEST.PATH(NODE,J) AS B ISKIP,1 2 
LOOP 
SKIP 2 LINES 
LOOP 
SKIP 1 LINE 
** FOR SUCCESSIVE SIMULATION RUNS, MAKE A DUPLICATE COPY OF THE 
** BEST PATH MATRIX FOR EASE OF RE-RUNNING THE SIMYBLATION. 
*COPY.BP.MATRIX* 
IF INIT.BP = ALIVE, 
FOR 1 = 1 TO NGFS, O00 
FOR J = 1 TQ NGFS, O00 
LET OUP.SEST PAA), J) 2eBEST Seat (1, J) 
L6oP 
LOOP 
REGAROLESS 
RETURN 
END °‘OQF E5.3EST.PATH. ROUTING. TABLE 


as HEHE Pe HE HE HE HE HE HE HE HE HE HE He He He He He HE HE He Hee See He HE ee Sa He HE HE EE EH He HE HH HE HE OE HE ee RE ee ae ee ME EE EE HE EE EE EO 


ROUTINE FOR E6.LINK.WEIGHT.MATRIX 

*“* THE FOLLOWING ROUTINE PRINTS A MATRIX OF DIMENSION ‘N.NODE* 

** BY “N.NQDE*. THE ENTRIES OF THE MATRIX REPRESENT THE °WEIGHT® 
** OF THE LINK CONNECTING A ‘FROM* NODE (IN ROW) WITH A “*TO* NODE 
** CIN COLUMN). THE WEIGHTS ARE COMPUTED BY MEANS OF THE 

** ROUTINE “US.LINK. WEIGHT. CALCULATIONS". 


DEFINE SIZE AS A REAL VARIABLE 


IF N.NODE > 14, 


CO 
C 
~J 





~ RETURN 
REGARDLESS 
START NEW PAGE 
SKIP 2 LINE 
PRINT S LINES AS FOLLOWS 


see LINK WEIGHT MATRIX saw 
zee (MATRIX ENTRIES CORRESPOND TO THE sas 
eee WEIGHT GF THE LINK) saw 


VBVHVBAASVAAVAAASSAVASAAAVSAAAAAAAAVAASAAVAVwawaeawsa 
SKIP S LINES 
LET ISKIP 2 2 
WRITE AS B 1, °FM~TC" 
FOR EACH NCDE, OG 
LET ISKIP = 7 + ISKIP 
WRITE NODE AS B ISKIP,°N",1 2 
LOOP 
SKIP 2 LINES 
FOR EACH NODE, OO 
WRITE NODE AS B 2,°N",!1 2 
FOR EACH LINK IN LINK. SET (NODE), O06 
LET ISKIP = (TERM(LINK) » 7) 
IF TEST = ALIVE, 
LET SIZE = REAL.F (QTEST (LINK) ) 
GO CONT.THIS 
REGARDLESS 


IF MANNER. OF WEIGHTING = BY. QSIZE.NON, 


LET SIZE = REAL.F (N. QUEUE (LINK) ) 
GC CONT.THIS 
REGARDLESS 


LET SIZE = REAL.F (LK.WEIGHT (LINK) } 


“CONT. THIS* 
WATE SIZE AS & ISKIP,0(G,3) 
LOOP 
SKIP 2 LINES 
LOoP 
RETURN 
ENO *°OF ES.LINK. WEIGHT. MATRIX 
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ROUTINE FOR €7.TRAFFIC.OISTRIBUTIGN 








* THIS ROUTINE PRINTS FOUR SIMILAR N.NODE BY N.NQDE MATRICES 
* WHICH CONTAIN THE INFORMATION ON: 


(1) NUMBER OF PKTS SENT AND RECEIVED BETWEEN NODE PAIRS. 
a (2) AWERAGE TRANSIT TIME OF THOSE PKTS. 
i: (3) AVERAGE NUMBER OF HOPS TAKEN BY THOSE PKTS. 


* IN THIS WAY, THE ACTUAL DETAILS ON ALL TRAFFIC BETREEN NODES 
* CAN BE EVALUATED USING THE DIFFERENT ROUTING TECHNIQUES. 
DEFINE TIME.AVG, HOPS.AVG AS A REAL VARIABLE 

DEFINE J, K AS INTEGER VARIABLES 


START NER PAGE 

SKIP 3 LINE 

PRINT 4 LINES AS FOLLOKS 
BERKPHVSSKKKRKKKKKKRAKKALKAKHKRKKHKHKKARKRRKBERS 
seseas PACKETS GENERATED BETWEEN Baaans 
aaaeas NODE PAIRS Saauae 


SKIP 4 LINE 
LET ISKIP = 2 
WRITE AS B 1,°FM-TO* 
FOR EACH NODE, O06 
LET ISKIP 2 7 + ISKIP 
WRITE NODE AS B ISKIP,°N®,1 2 
LOOP 
SKIP 2 LINE 
FOR J = 1 T0 N.NODE, O86 
WRITE J AS B 2,°N*,] e 
FOR K = ! TO N.NODE, 00° 
LET ISKIP = K = 7 
IF BORN. PKTS(J,K) NE Q, 
WRITE BORN.PKTS (J,K) AS B ISKIP,1 5 
REGAROLESS 
Leap 
SKIP 2 LINES 
LOOP 
SKIP 3 LINE 
PRINT 4 LINES AS FOLLOWS 
BRRKARKVKHKHV SAK KKKSKSHHRKHRKKRAKASKARSRARKHE SE 
Runaaa PACKETS RECEIVED BETWEEN BBuans 
Bunuaaa NODE PAIRS BRARaE 
BRSKKAAAKCKVATKKHKRKKAHRRVKRRVRARKRRAKRRARHSBRURUS 
SKIP 4 LINE 
LET ISKIP = 2 
WRITE AS 8 !,°FM-TO" 


(ce) 
‘/) 
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FOR EACH NODE, OO 
LET ISKIP = 7 + ISKIP 
WRITE NODE AS B ISKIP,°N",I1 2 
LOOP 
SKIP 2 LINES 
FOR J = 1 TO N.NODE, OO 
WRITE J AS B 2,°N",1 2 
FOR K = 1 TO N.NODE, DOO 
LET ISKIP = K x 7? 
IF GONE.PKTS(J,«) NE O, 
WRITE GONE.PKTS(J,K)} AS B ISKIP.1 5 
REGARDLESS 
LCGOP 
SKIP 2 LINES 
LOOP 
START NEW PAGE 
SKIP 3 LINES 
PRINT 4 LINES AS FOLLOWS 
SSCCSCSCSSSRSSSRSERSTSRSSSSRSRHKSHSHRHSHSSSSSS 
sseses PACKET TRANSIT TIME BETWEEN ssaaus 
saecaas NGDE PAIRS Seuagg 
PEPE PEPE SSL IOVIS SSOP errr rr rrrrrr errr rrr rere 
SKIP 3 LINES 
LET ISKIP = 2 
WRITE AS B 1,°FM-TO" 
FOR EACH NODE, O86 
BEEN TORIP = 7 * ISKIP 
WRITE NGOE AS B ISKIP,°N°,1 2 
LGeP 
SKIP 2 LINES 
FOR J = 1 TO N.NODE, OG 
Anite J AS 8B 2.°N",1 2 
FOR K = 1 TO N.NGDE, OO 
LET ISKIP = K x 7 
IF LENGTH. TRIP(J,K) NE 0.0, 
LET TIME.AVG = LENGTH. TRIP(J,K) / 
REAL.F (GONE.PKTS (J,K)) 
WRITE TIME.AVG AS B ISKIP,D (6,4) 
REGAROLESS 
LOOP 
SKIP 2 LINES 
LOOP 
SKIP 3 LINES 
PRINT W LINES AS FOLLOWS 
SSRCSSSCSTTSSSAKSRARSRSHSRSRSSESSRAKERERTHERS 


susens PACKET HOP AVERAGE BETWEEN Senses 
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auaaae N@DE PAIRS aaasan 


SKIP 1 LINE 


LET ISKIP = 2 
WRITE AS B 1,°FM-TO" 
FOR ERCH NGOE, O86 
LET ISKIP = 7 + ISKIP 
WRITE NODE AS 8 ISKIP,*N*,I 2 
LOOP 
SKIP 2 LINES 
FOR J 2 1 TO N.NOOE, OO 
HRITE J AS B 2,°N",1 2 
FOR K = 1 TO N.NODE, O88 
LET ISKIP = K «x 7? 
IF JUMP.TOTAL (J,K) NE OQ, ; 
LET HOPS.AVG = REAL.F (JUMP.TOTAL(J,KJ) / 
REAL.F (GONE.PKTS (J,K) 3 
WRITE HOPS.AYG AS B ISKIP,O(6, 3) 
REGARDLESS 
LOOP 
SKIP 2 LINES 
LOOP 
RETURN 
END *“SF E€7. TRAFFIC. OISTRISUTION 
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FILE: 


PLOTSLM FORTRAN Al NAVAL POSTGRADUATE SCHOCL 

FRAME TRE SUBPLOT AREA. 

CALL FRAME 

USE CCTTED GRID LINES. 

Gee ict 

Gam ID tila) 

WRITE THE INFO FOR THE PLOT. 

CALL FEIGET(.10) 

GEN = LINEST (ISTCRYs50015C) 

CALL LINES(! (NETWORK PARAMETERS) $*, ISTORYsM) 
= + 

CALL JL INES(* $y, 1STORY»M) 

CALL LINES(#( PY ACKET TRANSFISSION TIME = 0.0500 SECS $',y ISTORY,M) 

CALL LINES(*(UIPDATE TRANSHISSION TIME = 0.00125 SECS$'y ISTORY+M) 

CALL LINES(#(NJODE UPCATE INTERVAL = 065000 SECS $', ISTORY,M) 

CALL LINES(#(AIVG PKTS PER MESSAGE = 1.0 $*, ISTORY»M) 
= + 

CALL LINES(#(D)YNAMIC (RICLTING WITH (#)ETHOD 5 USED. $*y ISTORY)M] 

CALL LINES(! (m) INDGh TIME = 0.375 SECS $*, ISTORYsM) 

CALL LINES(* (N)Ge OF WINOGWS = 10 $*, ISTORYsM) 

CALL _LINES(*( VIRTUAL (C)IRCUITS WERE NOT USED. $*, ISTORY»M) 

WRITE THE STORY ; 

YLL = YSTCRY (ISTCRY»™) 

XLL = XSTGRY CISTCRKY, M) 

CALL _LSTORY(I STORY sMy (XAK 1S-XLLI*0 05, (VEL 41 00) ) 

END THE SESSION 

CALL CCNEFL 

5 TOP 

END 
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DRAW vECTCR FROM NOCE LOCATIGN OF LENGTH 1 IN THE +Z DIRECTION. 
DC 120 I = 1, NODES 
CALL VECTR3 (XFOS(1),YPCS(I),00rXPGS(I )sYPOS(I }4106,000C) 
CCNTINLE 
CALL RESET (*DASH®) 
ORAW UTILIZATION VECTCRS 
DO 160 1 = 1, NODES 
DC 150 J = l, NODES 
Leduc Tooele Gc TO Iss 
CALL VECTR3(XPOS( 1) sYPOS(I),UTIL(I od) » 
MEES CI aVrOS(dh UTS (lst) sizZil) 
CONTINLE 
CONT INUE 
WRITE THE INFG FOR THE PLCT. 
CALL ShISSL 
CALL FEIGHT(.10) 
LEN : LINEST (I1STCRY»500,5C) 
CALL LINES(*(NETWCRK PARAMETERS: IMBALANCED TRAFFIC)$',ISTCRY»™) 
= + 
CALL LIN fae $*, ISTORY>M) 
= + 
CALL LIN Est (SIOURCE-(CIESTIANATION (NICDE (PPAIRS cceecs's ISTORY)M) 
| i + 
CALL LINES(! (NOD GEMIe Tee 1409 TOS AND I2 TO 2. ¢€*, ISTORY,M) 
= + 
CALL LINES(* (P) ACKET TRANSMISSION TIME = 060500 SECS $', ISTORY»M) 
= + 
CALL LINES(#(U)PDATE TRANSPISSION TIME = 0260C125 SECS$*, ISTORY,»M) 
= + 
CALL LINES(*(NIGDE LPCATE INTERVAL = 0.5000 SECS £', ISTORY)M) 
tome GENERATICN RATE = 30 PKTS/SECES*,ISTORY»M) 
= + 
CALL LINES(! (AlVG PKTS PER MESSAGE = = 1.20 $*, ISTORY)M) 
CALL LINES(*(SITATIC (RIOUTING USED. $*, 1 STORY 9M) 
WRITE THE STORY 
YtL = YSTCRY (1STERY,™) ; 
Mi = XSTORY (LiSTERY; 
CALL LSTCRY(ISTORY»MyXPO— 1¢83YPD = 662) 
EAP) DENEPL 
§ TOP 
EAC 
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